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&9! 34*! +3/,.83+*! -J.)3! N0)3! /:7G3! N0?+3.43V! -3! >,0)4! -3! A;! f>! -J=G70443.+'11! 234! G97H.34!
8.9)=+7?934!4,)*!=I793>3)*!93!40TI3!-J.)3!0>G,+*7)*3!0)N09*+7*0,)!-3!>7/+,G:7I34!3*!-3!/399.934!
0)N97>>7*,0+34!70)40!H.3!-34!/79/0N0/7*0,)4!9,/7904=34'1"!M9934!G+=43)*3)*!3)N0)!.)3!G+,90N=+7*0,)!
-3!)=,Q8704437.UV! D!G7+*0+!-34! 8747Q874,+.>!-3! 9J7-83)*0/3'! B34!)=,Q8704437.U! 43!-=839,GG3)*!
G,.+!/,>G3)43+!9J:WG,U03!/399.970+3!7.!430)!-3!97!G97H.3!3*!G3.83)*!3)*+7g)3+!-34!:=>,++7I034!
0)*+7QG97H.341#V!1P!_]0I.+3!"`'!!!
!
! *
* *c)+'$/*L*Q*(-$-(#,$)<#)C'/<*&X'"/*B.-C'/*H'.",$-2./*O&X-B$e<*7-"($-/A"/<#*/#*-.K*MY`'*
*
2J=9=>3)*! -=/93)/:3.+! /9=! -34! 4W)-+,>34! /,+,)70+34! 70I.4! 34*! 97! +.G*.+3! -3! 97! N0)3! /:7G3!
N0?+3.43!-J.)3!G97H.3!8.9)=+7?93V!>3**7)*!3)!/,)*7/*!-34!=9=>3)*4!-.!4,.4Q3)-,*:=90.>!_N7/*3.+!
*044.970+3! G+0)/0G793>3)*`! 783/! 934! G97H.3**34! /0+/.97)*34! 3*! 7?,.*0447)*! D! 97! I=)=+7*0,)! -3!
*:+,>?0)3V!9J7/*087*0,)!3*!9J7I+=I7*0,)!G97H.3**70+3!3*!97!/74/7-3!*:+,>?,*0H.3'1A!(!),*3+!H.3!93!
G:=),>T)3! -3! +.G*.+3! -3! G97H.3! 40TI3+70*! G+=N=+3)*03993>3)*! 7.! )0837.! -3! dJ9J=G7.93JJ! -3! 97!
G97H.3!8.9)=+7?93V!H.0!/,++34G,)-!D! 97!X,)3!-3! *+7)40*0,)!3)*+3! 97!G97H.3!3*! 97!G7+*03!470)3!-.!
8704437.'1$! L34! =*.-34! 7.*,G40H.34! 3*! 3)! *,>,I+7G:03! G7+! /,:=+3)/3! ,G*0H.3! _^B6`! ,)*! G7+!
70993.+4!>,)*+=!H.3!934!4W)-+,>34!/,+,)70+34!G,.8703)*![*+3!G+,8,H.=4!-7)4!"K!D!";h!-34!/74V!
),)!G74!G7+!.)3!+.G*.+3!-3!G97H.3V!>704!G7+!.)3!40>G93!=+,40,)!-3!/3993Q/0'1"V!1O!L7)4!/34!/74Q9DV!
! 1#!
97! G97H.3! 34*! >,0)4! 8,9.>0)3.43! 3*! G+=43)*3! >,0)4! -3! /79/0N0/7*0,)4! 3*! -J0)N09*+7*4!
0)N97>>7*,0+34!3*!>,0)4!-3!)=,Q7)I0,I=)T43'1%!!
!
234! G97H.34! 8.9)=+7?934! G+=43)*3)*! 70)40! -34! /7+7/*=+04*0H.34! G,*3)*03993>3)*! 7//3440?934! D!
-0NN=+3)*34! >=*:,-34! -J0>7I3+034! >,+G:,9,I0H.34! ,.! N,)/*0,))39934'! 2J,?E3/*0N! N0)79! =*7)*!
-J3447W3+! -J0-3)*0N03+! 934! dJG7*03)*4! 8.9)=+7?934JJV! /J34*! D! -0+3! D! :7.*Q+04H.3! -J=8=)3>3)*4!
/,+,)7+03)4'"K!!
!
L7)4!93!*+78709!-3!+3/:3+/:3!7?,+-=!-7)4!/3!/:7G0*+3V!),.4!78,)4!=*.-0=!97!/7G7/0*=!-.!4/7))3+!
/,+,)70+3! D! -0NN=+3)/03+! 934! /,>G,47)*4! :04*,QG7*:,9,I0H.34! -34! G97H.34! -J7*:=+,4/9=+,43!
/,+,)70+34! _90G0-34V! N0?+,43V! /79/0N0/7*0,)4`! 7N0)! -3! 8,0+! 40! /3*! ,.*09! =*70*! /7G7?93! -J0-3)*0N03+!
/3+*70)34!/7+7/*=+04*0H.34!-34!G97H.34!8.9)=+7?934'!!
!
! I/*<(-""/$*(%$%"-)$/*
!
!!!2J0>7I3+03!-.!>7440N!/7+-07H.3!3)!4/7))3+!34*V!3)!3NN3*V!G,440?93!-3G.04!.)3!H.0)X70)3!-J7))=34!
I+a/3! D! G9.403.+4! 787)/=34! *3/:),9,I0H.34V! H.0! ,)*! G3+>04! ),*7>>3)*! -3! 4J7NN+7)/:0+! -.! N9,.!
/0)=*0H.3! 90=! 7.U!>,.83>3)*4! G3+>7)3)*4! -3! /3*! ,+I7)3'! ! 6,.*! -J7?,+-! 97!>.9*0G90/7*0,)! -34!
-=*3/*3.+4!-7)4!9J7U3!i!-.!4*7*0N!_4/7))3+!>.9*0Q-=*3/*3.+4!,.!>.9*0Q?7++3**34`!744,/0=!D!.)!>,-3!
-J7/H.040*0,)!:=90/,j-79!/,)*0).!,)*!7.I>3)*=!97!80*3443!-3!+,*7*0,)!-.!*.?3!D!+7W,)!k!3*!-,)/!97!
+=4,9.*0,)!*3>G,+3993'"1Q"#!27!+=4,9.*0,)!*3>G,+3993!/,++34G,)-!7.!),>?+3!-J0>7I34!7/H.0434V!3*!
-,)/!D!97!-04*7)/3!G7+/,.+.3!7.!/,.+4!-J.)3!43.93!+,*7*0,)!-.!*.?3'!23!*3>G4!-3!+,*7*0,)!G,.+!
934!4/7))3+4!AP!-=*3/*3.+4!34*!-3!#;KQPKK!>4!G,.+!.)3!+=4,9.*0,)!*3>G,+3993!-3!1;K!D!"KK!>4V!
G3+>3**7)*!-J7/H.=+0+!9J3)43>?93!-34!4*+./*.+34!/7+-07H.34!4.+!.)3!7G)=3!-3!1;!D!"K!43/,)-34'!
C7+799T93>3)*!D!9J7>=90,+7*0,)!-3!97!+=4,9.*0,)!*3>G,+3993V!97!+=4,9.*0,)!4G7*0793!-34!-=*3/*3.+4!7!
7.I>3)*=V! G,.+! -383)0+! 04,*+,G0H.3! 3*! -3! 9J,+-+3! -3! ;KK! D! A";! f>! G,.+! 934! 4/7))3+4! AP!
-=*3/*3.+4'"P! M)N0)V! 97! -3+)0T+3! 0)),87*0,)! *3/:),9,I0H.3! /9=! G,.+! 97! +=79047*0,)! -J.)! 4/7))3+!
/7+-07H.3! 34*! 97! 4W)/:+,)047*0,)! D! 9JMBc! H.0! G3+>3*V! 9,+4! -J.)3! 7/H.040*0,)! +=*+,4G3/*083V! -3!
4=93/*0,))3+V!D!G,4*3+0,+0V! 97!>30993.+3!G:743!3)!-074*,93!-.!/W/93!/7+-07H.3!G,.+! 9J7)79W43!-34!
43I>3)*4! /,+,)70+34'! &-=793>3)*V! 97! +=79047*0,)! -J.)! 4/7))3+! /,+,)70+3! 783/! .)! 7GG7+309! AP!
-=*3/*3.+4V!)=/3440*3!.)3! N+=H.3)/3! /7+-07H.3!?7443!3*! +=I.90T+3V! 83+4!;KQAKe>0)V! 7N0)!-J78,0+!
.)3!-074*,93!9,)I.3!-3!9J,+-+3!-3!$;K!>4V!H.0!87!G3+>3**+3!-3!90>0*3+!7.!>7U0>.>!934!7+*=N7/*4!
-3!>,.83>3)*4'";!B34!-3+)0T+34!7))=34V!-34!7>=90,+7*0,)4!*3/:),9,I0H.34!,)*!=*=!7GG,+*=34!7.U!
4/7))3+4!/,+,)70+34!783/!97!>.9*0G90/7*0,)!-34!-=*3/*3.+4!_E.4H.JD!#"K`"AV!"$!,.!93!-=839,GG3>3)*!
-.! 4/7))3+! D! -,.?93! 4,.+/3! -3! +7W,)4! k'"OV! "%! B34! 0)),87*0,)4! ,)*! G3+>04! -J7>=90,+3+! 97!
+=4,9.*0,)! *3>G,+3993! -34! 4/7))3+4! _E.4H.JD! OK!>4`!>704! 47)4! 7.I>3)*7*0,)! -3! 97! +=4,9.*0,)!
! 1P!
4G7*0793'! &9! 34*!-=4,+>704!G,440?93!-J7/H.=+0+! 9J3)43>?93!-.! /l.+! 3)!.)3! +,*7*0,)V! /3!H.0! +3)-!
9J3U7>3)!>,0)4!43)40?93!D!97!N+=H.3)/3!/7+-07H.3!,.!7.U!7+W*:>034'#KV!#1!!
!
23! 4/7))3+! G3+>3*! -,)/! -=4,+>704! -3! +=79043+! -3! 8=+0*7?934! 7)I0,I+7G:034! /,+,)70+34! ),)!
0)8740834! >704! 47! /7G7/0*=! D! >3**+3! 3)! =80-3)/3! -34! 4*=),434! /,+,)7+03))34! 40I)0N0/7*0834!
_m;Kh`!+34*3! 90>0*=3!783/!.)3!43)40?090*=!-3!O;!D!%%h!3*!.)3!4G=/0N0/0*=!-3!OA!D!%Ah'#"Q#;!B34!
90>0*34! 4,)*! 90=34V! -J.)3! G7+*! D! 97! +=4,9.*0,)! 4G7*0793! 3)/,+3! N70?93! -34! -=*3/*3.+4V!
/,>G7+7*083>3)*!D!97!/,+,)7+,I+7G:03!),*7>>3)*#A!3*!-J7.*+3!G7+*V!7.U!7+*=N7/*4!0):=+3)*4!D!97!
G+=43)/3!-3!/79/0N0/7*0,)4!/,+,)70+34!783/!-34!3NN3*4!-3!8,9.>34!G7+*0394!_]0I.+3!#`'#$!2J0)*=+[*!
G+0)/0G79! -.! 4/7))3+! /,+,)70+3! +=40-3! 7/*.3993>3)*! -7)4! 47! /7G7/0*=! D! 3U/9.+3! .)3!
/,+,)7+,G7*:03!4,.4QE7/3)*3!783/!-34!8793.+4!G+=-0/*0834!)=I7*0834!=938=34V!3)*+3!%$Q%%h!!G,.+!
934!4/7))3+4!AP!-=*3/*3.+4##Q#;V!#$V!#O!3*!E.4H.JD!1KKh!G,.+!934!*3/:),9,I034!D!#"K!-=*3/*3.+4'#%!&9!7!
G7+!70993.+4!=*=!-=>,)*+=!H.J.)!4/7))3+!/,+,)70+3!),+>79!7870*!.)!0>G7/*!G+,),4*0/!0>G,+*7)*!
783/!.)!N70?93!*7.U!-J=8T)3>3)*4!/7+-0,874/.970+34!_K';h!`!7.!/,.+4!-J.)!4.080!-3!"1!>,04!-7)4!
.)3!>=*7Q7)79W43!+3I+,.G7)*!;A$;!G7*03)*4'PK!L7)4!/3!/7-+3V!934!-3+)0T+34!+3/,>>7)-7*0,)4!-3!
97! 4,/0=*=! M.+,G=3))3! -3! B7+-0,9,I03! _MFB`! G+=/043)*! H.3! 93! 4/7))3+! /,+,)70+3! G,.++70*! [*+3!
.*0904=! /,>>3! .)3! 79*3+)7*083! 7.U! *34*4! ),)! 0)8740N4! -3! +3/:3+/:3! -J04/:=>03! ,.! 40! /3.UQ/0! 43!
4,)*! +=8=9=4! ),)! /,)/9.7)*4! G,.+! 3U/9.+3! .)3! G7*:,9,I03! /,+,)7+03))3V! /:3X! 934! G7*03)*4!
4W>G*,>7*0H.34! 783/! .)3! G+,?7?090*=! G+=Q*34*! N70?93! ,.! 0)*3+>=-070+3! _@3/,>>7)-7*0,)4! -3!
/97443!&&7!783/!.)!)0837.!-J=80-3)/3!B`'O!(!),*3+V!3)N0)V!H.3! 934!G3+N,+>7)/34!-.!4/7))3+!G,.+!
3U/9.+3!9J3U04*3)/3!-3!9=40,)4!/,+,)70+34!40I)0N0/7*0834!43!4,)*!>,)*+=34!?37./,.G!>,0)4!?,))34!
/:3X! 934! G7*03)*4! G+=43)*7)*! -34! 7)*=/=-3)*4! -3! /,+,)7+,G7*:03! ,.! -7)4! 9J=879.7*0,)! -34!
+34*=),434!0)*+7Q4*3)*4'P1V!P"!
!
! !
! c)+'$/**R*Q*UG/DB./*&/*<'$;/<#)D-#)%"*&'*&/+$,*&/*<#,"%</*&/*.,<)%"<*(%$%"-$)/""/<*/"*<(-""/$*O]P*/"*
* (-<*&/*(-.()V)(-#)%"<*(%DB-$-#)H/D/"#*d*.X-"+)%+$-B@)/*OFPK**
! 1;!
./C/&!-"D"+$&'%&-%1=%-1=%*
!"#$ %&'()*'&$ )%&$ +,$ -!.$ /012$ )34$ 5+67'(8&$ -9:;$ (3$ 8<)%)8=&%(.(3>$ 8"%"3)%?$ @')AB&$
8"C@"7(=("3D$E3$&F$G(G"$7=B4?$#(=<$<(7="@)=<"'">(8)'$8"C@)%(7"3/&&
!
!!!2J0-=3!-3!?743!-3!/3!*+78709!+3G,470*!4.+!93!N70*!H.3V!G3.!-3!*3>G4!7G+T4!93!-=839,GG3>3)*!3*!97!
I=)=+79047*0,)!-34!4/7))3+4!/,+,)70+34!-3!G9.4!-3!1A!-=*3/*3.+4V!G9.403.+4!=*.-34!,)*!=*7?90!.)3!
?,))3!/,++=97*0,)!3)*+3!934!-,))=34!-.!4/7))3+!3*!/3.U!-3!9J&noFV!),*7>>3)*!3)!/3!H.0!/,)/3+)3!
97! /7+7/*=+047*0,)! :04*,9,I0H.3! -3! 97! G97H.3P#QPOV! 79,+4! >[>3! H.3! 934! 40I)7.U! .9*+7Q4,),+34!
=*703)*!/,)).4!/,>>3!G3.!4G=/0N0H.34!-3!/34!-0NN=+3)*4!/,>G,47)*4P%V!;K!3*!H.J7./.)3!8790-7*0,)!
7)7*,>,G7*:,9,I0H.3!)J7870*!=*=!+=7904=3!783/!934!),.837.U!4/7))3+4!_m1A!-=*3/*3.+4`'!!
!
234!,?E3/*0N4!-3!/3**3!=*.-3!=*703)*V!*,.*!-J7?,+-V!-3!+3G+3)-+3!93!*+78709!-3!8790-7*0,)!-.!4/7))3+!
7.! -=?.*V! /J34*! D! -0+3! /,>G7+7*083>3)*! D! 97! +=N=+3)/3! 7)7*,>,QG7*:,9,I0H.3! 3*! 3)4.0*3!
-J7)79W43+! 934! G3+N,+>7)/34! -.! 4/7))3+! 3*! -3! 9J=/:,I+7G:03! 3)-,/,+,)70+3! _&noF`! G,.+!
9J=879.7*0,)!H.7)*0*7*083!3*!H.790*7*083!-34!G97H.34V!7N0)!-3!-=*3+>0)3+!40!/3**3!-3+)0T+3!G,.870*!
[*+3!.*0904=!/,>>3!dJI,9-!4*7)-7+-JJ!-7)4!934!=*.-34!/90)0H.34!-.!4/7))3+'!
!!
& ./C/"/&7"*E-+%$(&%*&)E*=4'%(&
!
!!!Z,.4! 78,)4! -,)/! +=7904=! .)3! =*.-3! 3UQ808,! 4.+! -34! 7+*T+34! /,+,)70+34! -+,0*34! :.>70)34!
)=/+,G40H.34'!234!4G=/0>3)4!=*703)*!N0U=4!4.+!.)!?7)/!-J34470!G,.+!97!+=79047*0,)!-J7/H.040*0,)4!
783/!.)!4/7))3+!AP!-=*3/*3.+4!_C:090GG4!<3-0/79!FW4*3>V!534*V!C7W4Q?74`!3*!783/!.)!&noF!_027?V!
5,4*,)! F/03)*0N0/V! <7G93! c+,83V! <0))34,*7V! oF(`! _]0I.+3!P`'! 234! G7+7>T*+34! -J7/H.040*0,)4!
4/7)),I+7G:0H.34!=*703)*!,G*0>04=4!7N0)!-J,?*3)0+!97!>30993.+3!H.790*=!-J0>7I3!G,440?93!_*3)40,)!
3*!/:7+I3!-.!*.?3!D!+7W,)!k!>7U0>793V!1"K!Rn!3*!1;KK!>(4e/,.G3V!+34G3/*083>3)*`'!(!),*3+!H.3!
/34! +=I97I34! )3! G3.83)*! [*+3! 3)8047I=4! /:3X! 9J:,>>3! -.! N70*! -J.)! *7.U! -J0++7-07*0,)! *+,G!
0>G,+*7)*'! F3/,)-70+3>3)*V! 934! X,)34! G+=43)*7)*! -34! G97H.34! -J7*:=+,4/9=+,43! =*703)*!
-=/,.G=34! 3)! *+7)/:34! -3! 43/*0,)! 3*! G+=G7+=34! G,.+! 7)79W43! :04*,9,I0H.3! 4,.4! >0/+,4/,G03!
,G*0H.3'!!
!
L3.U!*WG34!-J7)79W434!=*703)*!3NN3/*.=34!7.!)0837.!-34!0>7I34!,?*3).34!3)!4/7))3+V!3)!&noF!3*!
3)! :04*,9,I03!S! .)3! 7)79W43! H.7)*0*7*083! -34! G97H.34! 3*! .)3! 7)79W43! H.790*7*083! -34! -0NN=+3)*4!
/,>G,47)*4! :04*,9,I0H.34! -3! /34! G97H.34'! C,.+! 9J7)79W43! H.7)*0*7*083V! 43.94! 934! G7+7>T*+34!
0)-=G3)-7)*4! -3! 97! G+3440,)! 7+*=+03993! =*703)*! >34.+=4!p! 97! N0U7*0,)! :04*,9,I0H.3! )J=*7)*! G74!
+=7904=3! 4,.4! *3)40,)!! _=G70443.+4! -34! G7+,04V! 4.+N7/3! -3! 97! 9.>0T+3! 7+*=+03993! 3*! 4.+N7/3! -.!
8704437.`'! C,.+! 9J=*.-3! H.790*7*083! -34! G97H.34! 3)! 4/7))3+V! -3.U! *WG34! -J7)79W43! =*703)*!
! 1A!
+=7904=34V!9J.)3!804.3993V!G7+!-3.U!,G=+7*3.+4!3*!9J7.*+3!D!G7+*0+!-3!97!>34.+3!-0+3/*3!-3!97!-3)40*=!
-3! 97! G97H.3V! 3)! .)0*=! q,.)4N039-'! 234! G97H.34! =*703)*! /9744=34! G7+! 9J:04*,9,I03! 3)! *+,04!
/7*=I,+034!S!/79/0N0=34V!N0?+3.434!,.!90G0-0H.34'!!
!
! !
& c)+'$/*3Q* -$#e$/* (%$%"-)$/* &)<<,C',/`* -H/(* .X/"</D2./* &/<* 2$-"(@/<* (%..-#,$-./<* .),/<* OFPK
* 9B,()D/"*V)G,*<'$*./*2-"(*&X/<<-)**-'*")H/-'*&/*(-#@,#/$*&/*:*V$/"(@<*O]P*
!
! ./C/#/&6E(9$*"*(&
*
* F"-.A</*C'-"#)#-#)H/*
!!!Z,4! +=4.9*7*4! >,)*+3)*! .)3! ?,))3! /,++=97*0,)! 3)*+3! 934! >34.+34! ,?*3).34! 3)! :04*,9,I03! 3*!
/39934!3)!&noF'!M)!+387)/:3V!93!4/7))3+!4.+34*0>3!4W4*=>7*0H.3>3)*!934!>34.+34!H.7)*0*7*0834V!
/,>G7+7*083>3)*! D! 9J:04*,9,I03! 3*! D! 9J&noF'! 234! -0NN=+3)/34! 3)*+3! 934! >34.+34! ,?43+8=34! 3)!
4/7))3+!3*!3)!&noF!4,)*!90=34V!-J.)3!G7+*!D!97!+=4,9.*0,)!4G7*0793!G9.4!N70?93!-.!4/7))3+!783/!-34!
3NN3*4!-3!8,9.>3!G7+*039V!3*!-J7.*+3!G7+*V!7.!N70*!H.3!97!90>0*3!3U*3+)3!-.!8704437.!804.7904=3!)J34*!
G74!97!>[>3!3)*+3!934!-3.U!*3/:)0H.34!_97!90>0*7)*3!=974*0H.3!3U*3+)3!G,.+!9J&noF!3*!9J7-83)*0/3!
G,.+!93!4/7))3+`'!!
!
* F"-.A</*C'-.)#-#)H/!
Q&noF!84'!q04*,9,I03!S!27!/7+7/*=+047*0,)!-34!G97H.34!-J7*:=+,4/9=+,43!3)!&noF!34*!0>G7+N70*3'!27!
43)40?090*=!-3!-=*3/*0,)!-34!G97H.34!/79/0N0=34!34*!-3!1KKh!>704!97!4G=/0N0/0*=!)J34*!H.3!-3!OOh'!
M)!3NN3*V!.)!*WG3!G7+*0/.903+!-3!N0?+,43V!97!N0?+,43!:W790)3V!H.0!G+=43)*3!.)!+=437.!*+T4!-3)43!-3!
N0?+34!-3!/,997IT)3V!7!97!>[>3!40I)7*.+3!7/,.4*0H.3!H.3!93!/79/0.>V!4,.4!97!N,+>3!-J.)!/+,0447)*!
:WG3+Q=/:,IT)3'!C7+!70993.+4V!97!-04*0)/*0,)!-34!G97H.34!N0?+3.434!-34!G97H.34!90G0-0H.34!3)!&noF!
34*!+3)-.3!-0NN0/093!G7+! 9J=/:,I=)0/0*=!-34! *044.4!7-E7/3)*4!783/!-34!8793.+4!-3!43)40?090*=!3*!-3!
4G=/0N0/0*=!+397*083>3)*!?74434'!
!
QF/7))3+!84'!q04*,9,I03!S!27!-=*3/*0,)!-34!G97H.34!/79/0N0=34!3)!4/7))3+!34*!3U/3993)*3!H.3!/3!4,0*!
G7+!9J7)79W43!804.3993!_F3)40?090*=!S!%;h!p!4G=/0N0/0*=!S!1KKh`!H.3!G7+!9J7)79W43!-3!97!>34.+3!-3!97!
-3)40*=! 0)*+7QG97H.3! _G! rKVK;! 3)*+3! 97! -3)40*=! -34! G97H.34! /79/0N0=34! 3*! -34! G97H.34! ),)!
! 1$!
/79/0N0=34`! _N0I.+3!;`'! C7+! /,)*+3V! 97! -04*0)/*0,)! 3)*+3! 934! G97H.34! N0?+3.434! 3*! 934! G97H.34!
90G0-0H.34!34*!0>G,440?93!3)!4/7))3+!-7)4!),*+3!=*.-3V!H.3!/3!4,0*!3)!7)79W43!804.3993!,.!G7+!97!
>34.+3!-3!97!-3)40*=!-34!G97H.34!_G!s!KV"$A`!_]0I.+3!;`'!!
!
QF/7))3+! 84'! &noF!S! 27! /,>G7+704,)! -34! G3+N,+>7)/34! -.! 4/7))3+! G,.+! 97! /7+7/*=+047*0,)! -34!
G97H.34V! 3)! G+3)7)*! /,>>3! +=N=+3)/3! 9J&noF! 34*! 3)/,+3! >,0)4! ?,))3! H.3! G7+! +7GG,+*! D!
9J:04*,9,I03'!27!43)40?090*=!-3!-=*3/*0,)!3)!4/7))3+!-34!G97H.34!/79/0N0=34!-0>0).3!D!$"hV!90=3!D!97!
>7.87043!/97440N0/7*0,)!G7+!9J&noF!-34!N0?+,434!:W790)34'!C,.+!97!-04*0)/*0,)!804.3993!-34!G97H.34!
N0?+3.434! 3*! -34! G97H.34! /79/0N0=34V! 934! 8793.+4! -3! 43)40?090*=! 3*! -3! 4G=/0N0/0*=! +3*+,.8=34! 4,)*!
?74434! _G97H.34! N0?+3.434V! F3!S! $OhV!FG!S! $Ph!p!G97H.34! 90G0-0H.34V! ! F3!S! #"hV!FG!S! O"h`'!M)N0)V!
-7)4!),*+3!=*.-3!3UQ808,V! 9J7)79W43!-3! 97!-3)40*=!-3! 97!G97H.3!)3!+3*+,.83!G74!-3!-0NN=+3)/3!-3!
-3)40*=!3)*+3!/34!-3.U!*WG34!-3!G97H.34!_G!s!KV11O`!_]0I.+3!;`V!/,)*+70+3>3)*!D!/3!H.0!7870*!G.!
[*+3!+3*+,.8=!-7)4!-34!=*.-34!/90)0H.34'P$V!PO!
!
! !
! c)+'$/*YQ*7-./'$<*&/*&/"<)#,*)"#$-;B.-C'/*D/<'$,/<*/"*<(-""/$*B%'$*./<*B.-C'/<**
* (-.()V),/<`*V)2$/'</<*/#*.)B)&)C'/<`*(%DB-$-#)H/D/"#*d*.-*(.-<<)V)(-#)%"*&/<*B.-C'/<*/"**
* @)<#%.%+)/*/#*/"*!789*
& &
&
& ./C/1/&3421$9(+42*
!
!!!23!4/7))3+!AP!-=*3/*3.+4!4.+34*0>3!4W4*=>7*0H.3>3)*!934!>34.+34!H.7)*0*7*0834!-34!G97H.34V!
-.!N70*!G+0)/0G793>3)*!-J.)3!+=4,9.*0,)!4G7*0793!3)/,+3!*+,G!90>0*=3'!M)!/3!H.0!/,)/3+)3!9J7)79W43!
H.790*7*083!-34!-0NN=+3)*4!/,>G,47)*4!-3!97!G97H.3V!93!4/7))3+!>3*!G+=/04=>3)*!3)!=80-3)/3!934!
/79/0N0/7*0,)4! /,+,)70+34!>704! )3! G3+>3*! G74! -3! -04*0)I.3+! 934! G97H.34! N0?+3.434! -34! G97H.34!
! 1O!
90G0-0H.34V! 3*! /3! >[>3! 3)! .*09047)*! 97! >34.+3! -3! -3)40*=! 0)*+7QG97H.3'! M)N0)V! .*09043+! 9J&noF!
/,>>3!+=N=+3)/3!G,.+!8790-3+!934!G3+N,+>7)/34!-.!4/7))3+!0)Q808,!7GG7+7g*!0)7GG+,G+0=V!!9J&noF!
=*7)*! =I793>3)*! 0>G+=/04! G,.+! 97! /7+7/*=+047*0,)! -34! -0NN=+3)*4! /,>G,47)*4! -3! 97! G97H.3!
/,+,)70+3'!!
!
23! *0+=QDQG7+*! -3! 97! G.?90/7*0,)! -3! /3! *+78709! -7)4! .X!"#/$"-#)%"-.* J%'$"-.* %V* >-$&)%H-<('.-$*
!D-+)"+*O&)*!t!B7+-0,874/!&>7I0)I'!"K1K!(G+p"A_P`S#$#QO#`!34*!N,.+)0!/0Q7G+T4'!C7+!70993.+4V!/3**3!
=*.-3! 7! N70*! 9J,?E3*! -J.)3! /,>>.)0/7*0,)! ,+793! 7.! /,)I+T4! -3! 9!fFD/$)(-"*0/-$#* F<<%()-#)%"! 3)!
"KKO'!
ORIGINAL PAPER
How reliable are 40 MHz IVUS and 64-slice MDCT
in characterizing coronary plaque composition?
An ex vivo study with histopathological comparison
Romain Chopard • Loic Boussel • Pascal Motreff •
Gilles Rioufol • Alain Tabib • Philippe Douek •
David Meyronet • Didier Revel • Ge´rard Finet
Received: 3 July 2009 / Accepted: 15 December 2009 / Published online: 6 January 2010
 Springer Science+Business Media, B.V. 2010
Abstract The present study investigated whether
IVUS could serve as a reliable reference in validating
MDCT characterization of coronary plaque against a
histological gold standard. Twenty-one specimens
were postmortem human coronary arteries. Coronary
cross-sections were imaged by 40 MHz IVUS and by
64-slice MDCT and characterized histologically as
presenting calcified, fibrous or lipid-rich plaques.
Plaque composition was analyzed visually and intra-
plaqueMDCT attenuationwasmeasured inHounsfield
Units (HU). 83 atherosclerotic plaques were identified.
IVUS failed to characterize calcified plaque accu-
rately, with a positive predictive value (ppv) of 75%
versus 100% for MDCT. Lipid-rich plaque was even
less accurately characterized, with ppv of 60 and 68%
for IVUS and MDCT respectively. Mean MDCT
attenuation was 966 ± 473 HU for calcified plaque,
83 ± 35 HU for fibrous plaque and 70.92 HU ± 41
HU for lipid-rich plaque. No significant difference in
mean MDCT attenuation was found between fibrous
and lipid-rich plaques (P = 0.276). In vivo validation
ofMDCT against an IVUS reference thus appears to be
an unsuitable and unreliable approach: 40 MHz IVUS
suffers from acoustic ambiguities in plaque character-
ization, and 64-slice MDCT fails to analyze plaque
morphology and components accurately.
Keywords Atherosclerosis  Intravascular
ultrasound  Multidetector computed tomography
Introduction
It is well-established that acute coronary events have
a common physiopathological substrate, which is
plaque rupture triggering a more or less complete
cascade of thrombotic phenomena [1]. Plaque that is
vulnerable to rupture displays a large lipid-rich core
and thin fibrous cap, inflammatory infiltration [2] and
positive remodeling of the arterial wall [3]. Reliable
quantitative and qualitative characterization of coro-
nary lesions would constitute an important step
forward in risk stratification. Intravascular ultrasound
(IVUS), an invasive catheter-based technique, is the
current reference method in the study of coronary
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atherosclerotic plaque [4]. Validation studies were
performed in the 1990s, with 20–30 MHz transducers
(axial resolution: 200 lm). These transducers
achieved appropriate definition of plaque morphol-
ogy, but imaging of details such as lipid pools or
fibrous proliferation remained poorly defined [5–8].
There is at present no full characterization of plaque
morphology or plaque components using high fre-
quency (40 MHz) transducers which enhance spatial
resolution to 90 lm. Multidetector computed tomog-
raphy (MDCT) now allows nearly non-invasive
motion-free visualization of the coronary arteries
and accurate detection of non-significant coronary
lesions, with a good negative predictive value [9, 10].
Many in vivo studies, using IVUS as a reference
for comparison, have shown MDCT to be able to
analyze coronary atherosclerotic plaque quantita-
tively and qualitatively, especially by assessing
intra-plaque density [11–17]. On the other hand, the
few validations using histology as reference were
performed with 16-slice MDCT at most [18–22].
The present study investigated whether 40 MHz
IVUS could serve as a reliable reference in validating
64-slice MDCT qualitative and quantitative charac-
terization of coronary atherosclerotic plaque against a
histological gold standard. This was an ex vivo study
with histopathological comparison.
Methods
Specimen preparation
Right coronary arteries were chosen, as being easier
to dissect, and were excised from human heart at
autopsy. Specimens (mean length: 42±9 mm) were
stored at 4C and studied within 48 h to avoid
alteration in tissue structure. All side branches of the
artery were ligated and the proximal and distal ends
mounted on modified 6-F guide catheters within a
closed-loop perfusion system in an isotonic saline
serum tank maintained at 37C.
Intravascular ultrasound investigations
For IVUS investigation, the coronary segment was
perfused in room-temperature saline at a constant
60–80 mmHg pressure. A commercially available
IVUS insight system (iLab, Boston Scientific
Corporation, Maple Grove, MN, USA) was used
with 3.8–F, 40 MHz mechanical catheter transducer
(Atlantis SR Pro, Boston Scientific Corporation,
Maple Grove, MN, USA; axial resolution of 90 lm).
The catheter was passed through the specimen. Images
of the various atherosclerotic sections were recorded
with automatic pullback (05 mm/sec) for offline
analysis (Echoplaque, Indec Medical Systems,
Santa Clara, CA, USA).
Multidetector CT investigations
Coronary samples for scan acquisition were fixed on
the test bench and plunged in a container of water at
room temperature; the coronary segment was per-
fused with contrast agent diluted to 1/25 at constant
pressure (60–80 mmHg). All investigations were
performed on a Brilliance 64 scanner (Philips
Medical Systems, Best, The Netherlands). Acquisi-
tion parameters were: number of detectors, 64;
individual detector width, 0.625 mm; gantry rotation
time, 420 ms; matrix, 768 9 768; FOV, 50 mm.
Tube current was set at 120 kV and 1,500 mAs/slice.
Axial slice reconstruction parameters were: 625 lm
effective section thickness; 330 lm increment; stan-
dard intermediate reconstruction filter (kernel B); and
adapted field of view. MDCT images were assessed
on a work-station using a version of DicomWorks.
Histological analysis
When an atherosclerotic plaque was detected by
IVUS, this arterial section was tattooed using a fine
periadventitial needle for facilitating the registration
between IVUS, MDCT, and histology. Specimens
were frozen for the histopathological analysis to
avoid the risk of ±20% size reduction due to the
paraffin fixation procedure. Each coronary cross
section was processed for histological analysis (col-
oration with hematoxillin-eosin and elastic Van
Giesen stains) and was analyzed under light micros-
copy by a pathologist (A.T.) blinded to IVUS and
MDCT image interpretation. Lipid-rich plaque was
defined by lipid pools (with necrotic core or not)
taking up [50% of the plaque area as calculated
by planimetry, fibrous plaque by collagen taking
up[50%, and calcified plaque by calcification taking
up[40% (histological resolution: 5 lm).
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Image data analysis
Quantitative assessment
Only dimensional measurements independent of
pressure loading were taken, as sections for histology
were fixed without ensuring constant pressure. Min-
imal (Wmin) and maximal wall thickness (Wmax)
were determined under IVUS, MDCT and histology.
Lumen area (LA) and external elastic membrane area
(EEAM) were determined under IVUS so as to
calculate P?M area (=EEMA - LA; 4). In case of
calcific nodes, external vessel limits were traced by
the method previously described [4]. Lumen area and
vessel area (VA), which includes the adventitia, were
determined under MDCT so as to calculate P?M?A
area (=VA - LA). LA, EEMA and VA were mea-
surable on the histological sections.
Qualitative assessment
Multidetector computed tomography (MDCT) and
IVUS qualitative data were analyzed by 2 indepen-
dent experienced observers (G.F. and G.R. for IVUS,
and G.F. and L.B. for MDCT), blinded to all other
results (inter-observer variability), twice (intra-obser-
ver variability). In case of divergent classifications,
the plaques were re-evaluated until consensus
between the two observers was achieved. For MDCT
analysis, qualitative characterization consisted in
visual comparison between the density of the plaque
and the adjacent healthy arterial wall, using a three-
point scale: each plaque was rated as hyperdense,
isodense or hypodense. Intraplaque density was
assessed in Hounsfield units (HU), using an adapted
region of interest (diameter: 1 to 3 mm) centered on
the plaque. Under IVUS, plaque composition was
classified according to IVUS criteria (4): calcified
plaques were defined as plaque tissue containing any
tissue with echogenicity as bright as or brighter than
the adventitia causing acoustic shadows. Lipid-rich
plaques were defined by plaque tissue revealing an
echogenicity less than the adventitia and with no
detectable calcification. Fibrous plaques were defined
by plaque tissue producing echoes as bright as or
brighter than the adventitia, with no detectable
calcification. For each cross section, the more
prevalent appearance (hypo- vs. hyper-echogenic)
was used for classification.
Statistical analysis
Results are expressed as mean ± standard deviation
(SD) unless specified otherwise. Bland Altman rep-
resentation [23], linear regression and paired t-test
were performed for each pair of modalities. A P value
of \0.05 was taken as indicating a significant
difference. For lesion composition analysis, sensitiv-
ity, specificity and positive and negative predictive
values were calculated. For qualitative analysis, inter-
and intra-observer reproducibility for each technique
was calculated using Cohen’s kappa.
Results
Twenty one human post-mortem right coronary
arteries were sampled. All these deceased patients
had had coronary artery disease. Their mean age was
64 ± 10 years. Smoking, diabetes mellitus, hyper-
cholesterolemia and hypertension were present in 46,
14, 57, and 64%, respectively. A total of 83
atherosclerotic cross-sections were imaged under
IVUS and MDCT and processed for light microscopy
histological analysis.
Quantitative analysis
Correlations between quantitative measurements on
IVUS, MDCT and histology are shown in Table 1.
The correlation coefficient determined by IVUS and
histology for minimal wall thickness (Wmin) was
r
2
= 0.70, P\ 0.01. Bland and Altman analysis
showed that quantitative measurements on IVUS
were precise: i.e., close to those on histology
(Fig. 1a). With MDCT, overestimation with respect
to histology was observed on Bland and Altman
analysis for all dimensions (Fig. 1b). The correlation
coefficient r2 was 0.49 (P\ 0.01) between P?M?A
area on MDCT (0.75 ± 0.35 mm2) and on histology
(0.43 ± 0.23 mm2). Comparing IVUS directly to
MDCT, Bland and Altman analysis clearly revealed
overestimation of quantitative measurements on 64-
slice MDCT, in comparison to 40 MHz IVUS
(Fig. 1c). The r2 correlation coefficients between
IVUS and MDCT for Wmax, P?M area and
P?M?A area were 0.52, 0.45 and 0.42 respectively
(P\0.001 for all).
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Qualitative assessment of plaque composition
83 different atherosclerotic plaques were identified by
histopathology: 21 calcified plaques (21%), 42 fibrous
plaques (50.60%) and 20 lipid-rich plaques (24.40%).
Plaque burden (%), defined as P?M area divided by
EEM was not significantly different between calcified
(64.34% ± 13.23) and non-calcified plaques
(71.56 ± 8.92), with P = 0.394. Correlations
between IVUS and MDCT assessments of plaque
components on the one hand and histology on the
other are summarized in Table 2. High intra-observer
agreement was obtained for IVUS (Cohen’s
kappa = 0.96 and 0.83 for readers 1 and 2, respec-
tively) and MDCT (Cohen’s kappa = 0.88 and 0.83,
respectively). Inter-observer agreement on IVUS
interpretation was moderate (Cohen’s kappa = 0.68),
but better than with MDCT (Cohen’s kappa = 0.61).
IVUS sensitivity in detecting calcified plaque was
perfect, but specificity was only 88%. False positives
(n = 7) all showed the same acoustic signature (lesion
echogenicity greater than that of the surrounding
adventitia, with acoustic shadowing), histological
analysis finding no calcification but rather a particular
type of tissue, with a very dense network of old
collagen fibers, known as hyaline fibrosis (Figs. 2, 3).
IVUS sensitivity in distinguishing fibrous and lipid-
rich plaque was respectively 66 and 70%; some lipid-
rich plaques were misclassified as fibrous (n = 6) due
to failure to visualize a hypo-echogenic intra-plaque
area (Figs. 4, 5). 64-slice MDCT enabled correct
plaque detection in 20 out of 21 sections containing
calcified plaque (Fig. 2). The distinction between
fibrous and lipid-rich non-calcified plaques, on the
other hand, was poorly visualized. In 9 plaques, lipid
pools failed to be identified, with the lesions being
classified as fibrous (sensitivity: 55%; Fig. 4). Direct
Table 1 Quantitative measurements on images from intravascular ultrasound (IVUS), multidetector computed tomography (MDCT)
and histology
P?M area (mm2) P?M?A area (mm2) Wmax (mm) Wmin (mm)
Histology 6.60 ± 2.40 8.78 ± 2.46 1.25 ± 0.51 0.43 ± 0.23
MDCT NA 12.46 ± 8.49 1.78 ± 0.60 0.75 ± 0.35
IVUS 7.47 ± 2.94 NA 1.26 ± 0.46 0.44 ± 0.28
Values are mean ± standard deviation
P?M area = external elastic membrane area-lumen area; P?M?A area = vessel area-lumen area; Wmax = maximal wall
thickness; Wmin = minimal wall thickness; NA = non-applicable
Fig. 1 Bland and Altman analysis of agreement between
IVUS and histology in measurements of P?M area (a),
between MDCT and histology in measurements of P?M?A
area (b) and between IVUS and MDCT in measurements of
P?M area and P?M?A area (c). The dashed lines correspond
to d ± 1.96 SD
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comparisons of MDCT against an IVUS reference are
detailed in Table 3. Eight plaques were classified as
fibrous on MDCT but as calcified on IVUS (sensitiv-
ity: 72%; specificity: 100%). Positive predictive
values for fibrous and lipid-rich plaque detection
were low, at 58 and 52% respectively.
MDCT density measurements
Multidetector computed tomography (MDCT) atten-
uation was measured in 83 atherosclerotic plaques. In
relation to histological diagnosis, the mean value was
966 ± 473 HU in calcified, 83 ± 35 HU in fibrous
and 70 ± 41 HU in lipid-rich plaques. Non-paramet-
ric t-test revealed a significant difference in plaque
density between calcified and non-calcified (fibrous
and lipid-rich) plaques (P\ 0.05), whereas no
difference emerged between fibrous and lipid-rich
plaques (P = 0.276; Fig. 6). Taking IVUS as refer-
ence, 29 calcified (35%), 32 fibrous (39%) and 22
lipid-rich plaques (26%) were detected. Plaque den-
sity in plaques diagnosed as calcified by IVUS was
Table 2 Correlation of intravascular ultrasound (IVUS) and multidetector computed tomography (MDCT) images with histology for
characterization of plaque components (n = 83 sites)
Plaques IVUS vs histology MDCT vs histology
Calcified Fibrous Lipid-rich Calcified Fibrous Lipid-rich
Se (%) 100 66 70 95 73 55
Sp (%) 88 78 85 100 85 90
ppv (%) 75 75 60 100 83 68
npv (%) 100 69 90 98 75 85
j 0.89 0.61 0.70 0.98 0.73 0.59
Se sensitivity, Sp specificity, ppv positive predictive value, npv negative predictive value. j Kappa’s Cohen value for inter-observer
agreement
Fig. 2 Corresponding IVUS, histology and MDCT images.
The IVUS aspect of plaques (a) and (b) is identical, with a
hyperechogenic crescent with acoustic shadowing. Histology
revealed 2 different plaques: dense hyaline fibrosis in (a) and
calcifications in (b). MDCT accurately distinguished hyper-
dense calcification (b) from fibrosis (a)
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significantly elevated (724 ± 564 HU; P\ 0.05).
Mean MDCT attenuation in IVUS-diagnosed lipid-
rich and fibrous plaques did not differ significantly
(67 ± 31 HU vs. 84 ± 40 HU; P = 0.118; Fig. 6).
Discussion
Quantitative and qualitative 40 MHz IVUS
accuracy
Intravascular ultrasound (IVUS) imaging provides
precise analysis of atherosclerotic plaque and vessel
appearance, with good correlations to histology. Cor-
relations on dimensional measurements were identical
to those previously reported with 20–30 MHz IVUS
[5, 6]. Plaque component analysis, however, remained
no better. As reported by Rasheed et al. [7], calcified
and dense fibrotic tissue can both show the same
acoustic signature, with strong echo-reflection and
lateral shadowing, inducing errors in interpretation.
Differentiation between fibrous and lipid-rich plaques
remained limited, close to values reported in previous
studies [6, 8]with detection sensitivity at 70% for lipid-
rich and 66% for fibrous plaque in the present study.
Prati et al. [24] reported 65% sensitivity for 40 MHz
IVUS characterization of lipid structures. Lipid pools
may bemasked by shadowing from fibrotic or calcified
tissue. Failure to visualize lipid pools is independent of
lipid-core area: both large lipid cores (n = 2) and
heterogeneous plaques with diffuse lipid proliferation
within fibrotic tissue (n = 4) were misclassified.
Misinterpretation is mainly due to the intrinsic ultra-
sound properties of certain types of tissue, and thus
relatively independent of the axial resolution of the
transducer. These limitations in gray-scale analysis
may be partly resolved by the development of Virtual
Histology-IVUS (Volcano Corporation, Rancho
Cordova, CA, USA) using spectral analysis of the
radiofrequency ultrasound backscatter signals. An
Fig. 3 IVUS image and the corresponding histological sec-
tions. The IVUS image presents 3 distinct hyperechogenic
zones (a), (b) and (c) with acoustic shadowing suggestive of
calcification. Histology revealed calcifications only in zone (c).
Zones (a) and (b) comprise very dense non-cellular fibrous
tissue known as hyaline fibrosis
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initial ex-vivo study reported good accuracy for the
classification of plaque components [25].
Quantitative and qualitative 64-slice MDCT
accuracy
Our 64-slice MDCT ex-vivo study found all dimen-
sional measurements (P?M?A area, Wmax and
Wmin) to be significantly overestimated by MDCT
against our histologic gold-standard. This is in agree-
ment with Ferencick et al.’s findings for blood vessel
phantoms [22]. The key factor in this quantitative
imprecision is the absence of in-plane spatial resolution,
resulting in a partial volume effect. The ability of
MDCT to distinguish calcified from non-calcified
plaques was excellent, both visually (sensitivity, 95%;
specificity, 100%) and in terms of intra-plaque density
measurement, as has been known for several years now
with the development of coronary calcification scoring
[26].MDCT’s ability to distinguish between fibrous and
lipid-rich non-calcified plaques, on the other hand, was
less clear, with fairly low sensitivity values for visual
identification. Plaque density measurement did not
improve MDCT performance, HU values not being
significantly different between the two types
(P = 0.276). This finding contrasts with previous ex-
vivo studies [18–21], which were, however, conducted
using low spatial-resolution MDCT (e.g.,[1,500 lm
for 4-slice MDCT), reducing location precision. More-
over, the number of coronary plaques studied was small
(only 7 lipid-rich plaques out of 33 for Becker et al.
[18]). Several factors may influence the accuracy of
attenuationmeasurements byMDCT. Spatial resolution
remains insufficient, even with thin 64-section scanners
(625 lm), resulting in partial volume effects and
interpolation artifacts [27]. In a blood vessel phantom
study [22], 16-slice MDCT detected lipid cores pro-
portionally to their diameter. The detection sensitivity
for lipid pools between 0.4 mmand 4.0 mm in diameter
was only 44%, compared to 74% for lesions with
diameters between 1.5 mm and 4.0 mm. In the present
study, 12 out of 20 lipid-rich plaques presented a
significantly systematized lipid core with a mean
2.9 ± 0.9 mm diameter. The measured attenuation in
small structures can be strongly influenced by attenu-
ation in the surrounding tissue or contrastmaterial in the
Fig. 4 IVUS, histology and MDCT images for lipid-rich (line
A) and fibrous plaques (line B). The two IVUS images show
plaque with the same isoechogenic aspect. The lipid pool
cannot be distinguished under MDCT (a) with a hypodense
plaque as in the MDCT image (b)
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lumen. Beam-hardening artifacts may cause low atten-
uation measurements in pixels surrounding calcified
nodules and the intravascular contrast material solution
influences plaque attenuation. Two experimental stud-
ies reported that increased contrast medium concentra-
tion, and thus increased intracoronary attenuation, led to
increased plaque attenuation [28, 29]. Schroeder et al.
[28] reported that standardized contrast attenuation of
about 200–250 HU was required to assure meaningful
results. In the present study, the intravascular attenua-
tion achieved with a 1/25 contrast agent concentration
was similar (276 ± 42 HU). The intracoronary atten-
uation effect is particularly strong when structures are
near to the lumen, as is the case with lipid cores in
vulnerable plaques, which only a thin fibrous cap
separates from the lumen [2]. Thus in the present study,
comprising a reasonable number of atherosclerotic
plaques (n = 83), it did not seem feasible to try to
distinguish fibrous from lipid-rich lesions by MDCT,
Fig. 5 Photomicrograph of histological (a) and corresponding
IVUS cross section (b). The histological sections show a lipid
area at 9 and 12 o’clock. In the corresponding IVUS cross-
section the lipid pool cannot be identified because of echo
signal attenuation caused by the presence of highly echogenic
superficial dense fibrous cap
Table 3 Correlation of multidetector computed tomography
(MDCT) with intravascular ultrasound (IVUS) images for
coronary atherosclerotic plaque type (n = 83 sites)
Plaques MDCT vs. IVUS
Calcified Fibrous Lipid-rich
Se (%) 72 78 32
Sp (%) 100 74 82
ppv (%) 100 58 52
npv (%) 86 88 66
j 0.94 0.52 0.60
Se sensitivity, Sp specificity, ppv positive predictive value, npv
negative predictive value, j: Kappa’s Cohen value for inter-
observer agreement
Fig. 6 MDCT density values for calcified, fibrous and lipid-
rich plaques compared to histology (white box) and IVUS (gray
box). Each box describes the mean plaque density in
Hounsfield units. The whiskers above and below each box
describe the standard error of the mean. Plaque density values
differed significantly between calcified and non-calcified
plaques; fibrous and lipid-rich plaques (P\ 0.01). No signif-
icant difference in plaque density value emerged between
fibrous and lipid-rich plaques as characterized by histology
(P = 0.276) or by IVUS (P = 0.118)
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however state-of-the-art. Moreover, the acquisition
parameters employed (1,500 mAs/slice) so as to opti-
mize imaging entailed stronger radiation doses than
human in vivo imaging tolerates. Future developments
in MDCT imaging may enhance its ability to analyze
coronary atherosclerotic plaque [29–31], notably with
dual-source computed tomography [32].
Validation of MDCT against IVUS
Many in vivo validation studies of MDCT for
coronary atherosclerotic plaque analysis have been
made against an IVUS reference [11–17]. The present
study found quantitative IVUS data to be reliable with
respect to histology, justifying IVUS as reference in
this regard.
Quantitative measures
Direct comparison of IVUS and MDCT quantitative
measurements disclose systematic overestimation on
MDCT for all area and thickness parameters, whether
ex vivo [21] or in vivo [12–14, 17]. Moselewski et al.
[12] compared in vivo plaque area measurements
between 16-slice MDCT and 40 MHz IVUS. Plaque
area was estimated by subtracting lumen area from
vessel area: findings on MDCT were higher than on
IVUS (8.3 ± 4.8 mm2 vs. 7.3 ± 3.1 mm2;P = 0.01).
Quantitative measurement imprecision relates to both
partial volume effects and the great difficulty of
visualizing external vessel contours. Iriart et al. [16]
reported similar difficulties, which may largely
account for the low inter-observer correlations on,
for example, plaque area (r2 = 30, P\ 0.01 for
Moselewski et al. [12]). Quantitative measurements,
such as plaque area and remodeling index assessed in
vivo [12–14, 17], requiremeasuring the external vessel
contour and do not fit the same parameters assessed
from MDCT or IVUS images. In IVUS, the external
elastic membrane acts as external contour, while it is
non-visualizable on MDCT. MDCT vessel area
includes the adventitia, with a mean thickness of
300 lm in a normal coronary artery, and more in case
of atherosclerosis [33]. Otsuka et al. [34] showed that
quantification of coronary plaquewith 64-slice CTwas
moderately accurate with respect to IVUS. This is why
MDCT measurements cannot help being greater than
under IVUS.
Qualitative analysis
In vivo validation also assesses the ability of MDCT
to characterize plaque components. Our MDCT-
IVUS correlations show that fibrous and lipid-rich
lesions fail to be distinguished. Visual analysis of
MDCT images shows low detection sensitivity (32%)
for lipid-rich plaques compared to IVUS, with a
positive predictive value of 55%, as against 55% and
68% respectively comparing MDCT to histology. For
example, the plaque in Fig. 4a was classified as
fibrous on both IVUS and MDCT, whereas histology
revealed it to be lipid-rich. Moreover, intra-plaque
density values did not significantly differ between
plaques diagnosed by IVUS as fibrous or lipid-rich
(P = 0.118), whereas in vivo studies showed corre-
lation between lesion echogenicity on IVUS and
MDCT density measurements [15–17]. These 3
studies used MDCT of at least 16 slices, thus with
spatial resolution not less than 1 mm, with 20–
40 MHz IVUS as reference. Thus, comparing MDCT
to IVUS alters the diagnostic performance of MDCT,
cumulating the errors inherent to both techniques.
IVUS cannot serve as the reference for plaque
characterization, and histology remains the sole gold
standard.
Conclusions
About 40 MHz IVUS is currently the routine means
of studying atherosclerotic coronary plaque. It
provides precise morphological analysis thanks to
its good resolution, but performs less well in
characterizing plaque composition due to ambigui-
ties in the acoustic signatures of each component.
64-slice MDCT overestimates quantitative measure-
ments and fails to differentiate between non-calci-
fied plaques, be it visually or in terms of measured
plaque density. Thus validating MDCT against
IVUS as reference is an unsuitable approach, being
imprecise and cumulating the intrinsic limitations of
both methods. Histology alone can stand as gold-
standard for imagery assessment, whether invasive
or not.
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^?43+87*0,)4! *,! F*.-W! C+3-0/*,+4! ,N! 383)*4! 0)! *:3! B,+,)7+W! 6+33`V! 97! G+=43)/3! -J.)3! G97H.3!
/,)40-=+=3! /,>>3! 8.9)=+7?93! 3)! nq! =*70*! 4*7*04*0H.3>3)*! /,++=9=3! D! .)! +04H.3! -J=8T)3>3)*!
/7+-0,874/.970+3!_q7X7+-!+7*0,S!#V#;p!%;h!B&!S!1V$$!*,!AV#Ap!C!rKVKK1`'$# 
!
B3G3)-7)*V! /3+*70)34! -,))=34! ,)*! /,)*+3-0*! 934! /7G7/0*=4! -.! nq! -7)4! 97! /7+7/*=+047*0,)! -34!
/,>G,47)*4!-3!97!G97H.3'!F.>3+9W!3*!79'!,)*!G7+7-,U793>3)*!*+,.8=!G9.4!-3!G97H.34!N0?+3.434!3*!
>,0)4! -3! G97H.34! 90G0-,Q)=/+,*0H.34! 3)! nq! /:3X! "O! G7*03)*4! 3)! 4W)-+,>3! /,+,)70+3! 70I.!
/,>G7+7*083>3)*!D!;$!G7*03)*4!4*7?934'!2J3UG90/7*0,)!787)/=3!43+70*!H.3!93!nq!34*!0)/7G7?93!-3!
N,.+)0+!.)!/,-7I3!/,++3/*!-.!*:+,>?.4!G7+!+7GG,+*!7.U!4*+./*.+34!-3!G97H.3'$P!C7+!70993.+4V!.)3!
=*.-3!7)0>793!+=/3)*3!)J7!>,)*+=!7./.)3!/,++=97*0,)!3)*+3!93!nq!3*!9J:04*,9,I03!G,.+!97!-=*3/*0,)!
-34!/3)*+34!90G0-,Q)=/+,*0H.34'$; L3G.04!97!G.?90/7*0,)!-3!/34!+=4.9*7*4V!93!nq!7!=*=!7?7)-,))='! !
!
* **
* c)+'$/*SQ*-<B/(#*,H%(-#/'$*&X'"/*B.-C'/*H'.",$-2./*/"*@)<#%.%+)/*H)$#'/../*-H/(*'"**
* (/"#$/*.)B)&%;",($%#)C'/*O/"*$%'+/P*$/(%'H/$#*&X'"/*(@-B/*V)2$/'</*O/"*H/$#PK**
!
! "#!
-Tomographie par cohérence optique!
!!!23!G+0)/0G3!-3!97!*,>,I+7G:03!G7+!/,:=+3)/3!,G*0H.3!_,G*0/79!/,:=+3)/3!*,>,I+7G:03!,.!^B6`!
34*!7)79,I.3!D!9J=/:,I+7G:03V!D!97!-0NN=+3)/3!H.3!934!,)-34!.9*+74,),+34!4,)*!+3>G97/=34!G7+!-34!
,)-34! ,G*0H.34! =>0434! -7)4! 93! G+,/:3! 0)N+7+,.I3'! 2J0>7I3+03! 34*! +=7904=3! 3)! N,/79047)*! .)!
N704/37.! 9743+! -7)4! 9J=/:7)*099,)! 3*! 3)! >34.+7)*! 93! *3>G4! -3! G7+/,.+4! 3*! 9J7>G90*.-3! -3! 97!
9.>0T+3! +=*+,-0NN.4=3! G7+! 934! >0/+,4*+./*.+34! D! -0NN=+3)*34! G+,N,)-3.+4'! 2J^B6! N,.+)0*! -34!
0>7I34! -3! 97! 9.>0T+3! 874/.970+3! 3*! -3! 97! G7+,0! 7+*=+03993! -J.)3! I+7)-3! G+=/040,)! 783/! .)3!
+=4,9.*0,)!4G7*0793!-3!1K!D!1;!f>'!C7+!/,)*+3V! 97!G+,N,)-3.+!7//3440?93!34*! 90>0*=3!D!"!D!#!>>!
-7)4!934!*044.4!),)!*+7)4G7+3)*4'!M)!3NN3*V!934!G:,*,)4!9.>0)3.UV!>[>3!/3.U!=>04!-7)4!93!G+,/:3!
0)N+7Q+,.I3V!)3!G3.83)*!G=)=*+3+!97+I3>3)*!3)!G+,N,)-3.+!-.!N70*!-3!G:=),>T)34!-J7?4,+G*0,)!
3*!-3!-0NN.40,)!G7+!934!*044.4!?0,9,I0H.34'$AQ$O!
!
234!40I)7.U!9.>0)3.U!-34!-0NN=+3)*34!4*+./*.+34!-3!97!G97H.3!43>?93)*!*+T4!4G=/0N0H.34'!L7)4!.)3!
=*.-3! 3UG=+0>3)*793V! 9J^B6! G3+>3**70*! -J0-3)*0N03+! 934! G97H.34! N0?+,Q/79/0N0=34! 783/! .)3!
43)40?090*=!3*!.)3!4G=/0N0/0*=!-3!%A!3*!%$h!3*!934!G97H.34!90G0-,Q)=/+,*0H.34!783/!.)3!43)40?090*=!
3*!.)3!4G=/0N0/0*=!-3!%"!3*!%Ph'$%!L3!G9.4V!-.!N70*!-3!4,)!0>G,+*7)*3!+=4,9.*0,)!4G7*0793V!9J^B6!34*!
7/*.3993>3)*! 97! 43.93! *3/:)0H.3! /7G7?93! -3! >3**+3! 3)! =80-3)/3! 934! G+0)/0G7.U! =9=>3)*4!
>,+G:,9,I0H.34!/7+7/*=+04*0H.34!-34!G97H.34!8.9)=+7?934'!2J^B6!34*!70)40!/7G7?93!-3!804.79043+!
-0+3/*3>3)*! 934! +.G*.+34! -3! G97H.34! 3*! >[>3! 934! =+,40,)4! -3! G97H.3'OKQO"! 2J^B6! 804.79043!
=I793>3)*!934!G3*0*34!/79/0N0/7*0,)4!9,/7904=34!-0+3/*3>3)*!4,.4!97!/:7G3!N0?+3.43O1!3*!-34!=*.-34!
G+=90>0)70+34! ,)*!>,)*+=! 934! /7G7/0*=4! -3! 9J^B6! D! -=*3/*3+! 9J0)N09*+7*0,)!>7/+,G:7I0H.3! 0)*+7Q
G97H.3!_]0I.+3!O`'O#V! OP!L34!=*.-34!/90)0H.34!4,)*!)=/34470+34!G,.+!8790-3+! 9J0>G7/*!G+,),4*0H.3!
-34!/34!/+0*T+34!^B6'!!
!
! !
c)+'$/*TQ*)D-+/*/"*W>?*&X'"/*(@-B/*V)2$/'</*
<)e+/*&X'"/*)"V).#$-#)%"*D-($%B@-+)C'/*OFP*
-H/(*.-*(%$$/<B%"&-"(/*@)<#%.%+)C'/*O]P*
O&X-B$e<*#/-$"/A*/#*-.K*TR`*
! "P!
* QM974*,I+7G:03!0)*+7874/.970+3!,.!G79G,I+7G:03!!*
!!!!2J=974*,I+7G:03! =*.-03! 934! G+,G+0=*=4! >=/7)0H.34! -J.)! *044.V! 3)! 7)79W47)*V! D! G7+*0+! -3!
40I)7.U! -3! +7-0,N+=H.3)/3! 434! /7G7/0*=4! -3! -=N,+>7*0,)! 4,.4! -0NN=+3)*4! )0837.U! -3!
G+3440,)'O;V!OA!2J=974*,I+7G:03!0)*+7874/.970+3!,.!G79G,I+7G:03!>34.+3!93!*7.U!-3!-=N,+>7*0,)!
-34!G97H.34!_F*+70)`V!H.0!34*!N,)/*0,)!-.!>,-.93!-J=974*0/0*=!_,.!>,-.93!-3!{,.)I`!-3!/:7/.)!
-3! 434! /,>G,47)*4V! D! G7+*0+! -3! N70?934! 87+07*0,)4! -3! G+3440,)! 0)*+7Q/,+,)70+3! _#QP!>>qI`!
_]0I.+3!%`'!!
!
234! +=4.9*7*4! G+=90>0)70+34! -3! 97! G79G,I+7G:03! /,)/3+)7)*! 9J7)79W43! -3! 97! G97H.3! /,+,)70+3!
7GG7+70443)*!!3)/,.+7I37)*4'!B3**3!>=*:,-3!7!=*=!8790-=3!/,>G7+7*083>3)*!D!9d:04*,QG7*:,9,I03!
D!G7+*0+!-J=*.-34!3UQ808,!4.+!-34!7+*T+34!N=>,+7934!3*!/,+,)70+34!:.>70)34VO$!3*!0)Q808,!4.+!-34!
>,-T934!7)0>7.UOO! 3*! 4.+!.)!G3*0*!I+,.G3!-3!G7*03)*4!?=)=N0/07)*!-J7)I0,G974*034! /,+,)70+34'O%!
o)3!=*.-3! 0)Q808,! /:3X! 9J7)0>79! 7! +3*+,.8=!.)3! 43)40?090*=!-3!1KKh!3*!.)3! 4G=/0N0/0*=!-3!OKh!
G,.+! 97! -=*3/*0,)! -34! G97H.34! 8.9)=+7?934V! -=N0)034! 3)! G79G,I+7G:03! G7+! .)3! X,)3! -3! F*+70)!
=938=3!+3/,.83+*3!-J.)3!X,)3!783/!-34!8793.+4!-3!F*+70)!?74434'OO!C7+!70993.+4V!09!=*70*!),*=V!-7)4!
.)3!=*.-3!3UQ808,!4.+!-34!7+*T+34!/,+,)70+34!:.>70)34V!.)3!N,+*3!/,++=97*0,)!3)*+3!934!8793.+4!-3!
F*+70)! 9,/79! 3*! 97! G+=43)/3! -J.)3! N0)3! /:7G3! N0?+3.43V! 70)40! H.3! 97! G+=43)/3! -J.)3! 0)N09*+7*0,)!
>7/+,G:7I0H.3'%K!M)N0)V!-34!8793.+4!-3!F*+70)!=938=34!=*703)*!G9.4!N+=H.3>>3)*!+3*+,.8=34!/:3X!
-34! 4.E3*4! G+=43)*7)*! .)! 4W)-+,>3! /,+,)70+3! 70I.! /,>G7+7*083>3)*! D! -34! G7*03)*4! 3)! 7)I,+!
4*7?93V!783/!=I793>3)*!.)3!/,++=97*0,)!4*7*04*0H.3>3)*!40I)0N0/7*083!783/!93!)0837.!-3!B@C'%1!!!!
!
! !
! Figure 9: principes de l’élastographie intravasculaire.!
* 8"/* )D-+/* &X,(@%+$-B@)/* /"&%H-<('.-)$/* /<#* -(C')</* d* L* ")H/-'G* &/* B$/<<)%"<* &)VV,$/"#<K* I-*
* &,V%$D-#)%"*$-&)-./*O9#$-)"P*&/*.-*B.-C'/*/<#*&,#/$D)",/*d*B-$#)$*&/*.X-"-.A</*&/<*%"&/<**
* '.#$-;<%"%$/<*d*@-'#/*V$,C'/"(/*/#*./*$,<'.#-#*/<#*$/"&'*/"*(%&-+/*(%'./'$*<'$*.X)D-+/*&X,(@%+$-B@)/K**
! !
Q2J7)I0,4/,G03!/,+,)70+3!
! ";!
!!!2J7)I0,4/,G03! G3+>3*! .)3! 804.79047*0,)! -0+3/*3! -3! 97! 9.>0T+3! 7+*=+03993! 3*! -3! 97! N7/3!
3)-,9.>0)793! -3! 97! G7+,0! 874/.970+3'! 234! G97H.34! 90G0-0H.34! 7GG7+70443)*! /97440H.3>3)*! 3)!
E7.)3'%"! &9! 7! =*=!>,)*+=!H.3! 97!G+=43)/3!-3!G97H.34! E7.)34! 804.7904=34! 3)! 7)I0,4/,G03! =*70*! .)!
G+=-0/*3.+! -3! 4.+83).3! -J=8=)3>3)*4! /,+,)7+03)4! _q7X7+-! +7*0,!S! 1V"#!p! %;hB&!S! 1VK#Q1VP;!p!
CsKVKK"`'%#!
!
! Q27!*:3+>,I+7G:03!
!!!27!*:3+>,I+7G:03!+3G,43!4.+! 9J:WG,*:T43!H.3! 9J0)N97>>7*0,)!-3! 97!G97H.3!8.9)=+7?93!G+,-.0*!
-3!97!/:793.+V!H.0!G3.*![*+3!>34.+=3!D!97!4.+N7/3!-3!97!G97H.3!G7+!.)!/7*:=*3+'%P!!
!
L34!3UG=+0>3)*7*0,)4!3UQ808,!4.+!-34!7+*T+34!/7+,*0-03))34!,)*!>,)*+=!H.3!97!*3>G=+7*.+3!-3!97!
G97H.3!=*70*!/,++=9=3!783/!97!-3)40*=!3)!>7/+,G:7I34!3*!=*70*!0)83+43>3)*!G+,G,+*0,))3993!783/!
9J=G70443.+!-3! 97! /:7G3! N0?+3.43'%;! B:3X! 9J:,>>3V!.)3!-0NN=+3)/3!-3! *3>G=+7*.+3!-3!G97H.3!-3!
1V;|B! 7! =*=! >043! 3)! =80-3)/3! 3)*+3! 934! G97H.34! 3*! -34! 43I>3)*4! /,+,)7+03)4! 470)4! 783/V! G7+!
70993.+4V! .)3! /,++=97*0,)! 3)*+3! 97! *3>G=+7*.+3! 3*! 93! +3>,-397I3! G,40*0N! -34! G97H.34! =879.=! ! 3)!
&noF'%A!2J=/.309!G+0)/0G79!-3!/3**3!*3/:)0H.3!34*!90=!7.!N9.U!47)I.0)!H.0!+3N+,0-0*!97!G7+*03!3U*3+)3!
-34! G97H.34! 3*! +3)-! >,0)4! N07?93! 934! >34.+34! 0)! 808,'! B3**3! *3/:)0H.3! 7! -=4,+>704! =*=!
7?7)-,))=3'%$!
!
! Q2J&@<!0)*+7874/.970+3*
!!!27! +=79047*0,)! -J&@<! 0)*+7874/.970+3! 34*! -=4,+>704! 3)8047I37?93! 3)! .*09047)*! .)3! 4=H.3)/3!
G7+*0/.90T+3! _dJC.943-! ]039-! c+7-03)*JJ`! H.0! /79/.93! 93! /,3NN0/03)*! -3! -0NN.40,)! -3! 9J37.! -7)4! 934!
G97H.34!_]0I.+3!1K`'!23!G+0)/0G3!-3!?743!+3G,43!4.+!93!N70*!H.3!97!-0NN.40,)!-3!9J37.!34*!G9.4!N70?93!
-7)4! 934! *044.4! 90G0-0H.34! H.3! -7)4! 934! *044.4! N0?+3.U'! 27! +=4,9.*0,)! 4G7*0793! -3! 9J&@<! 0)*+7Q
874/.970+3!34*!-3!1KK!f>'%O!
!
o)3!=*.-3!G+=90>0)70+3!3UQ808,!+3*+,.83!.)3!?,))3!/,++=97*0,)!783/! 934!-,))=34!:04*,9,I0H.34!
G,.+!97!>043!3)!=80-3)/3!-3!4*+./*.+34!90G0-0H.34'!C7+!/,)*+3V! 9J&@<!0)*+7Q874/.970+3!)3!G3+>3*!
G74!-3!-0NN=+3)/03+!97!G97H.3!-3!97!G7+,0!7+*=+03993!),+>793!)0!934!7.*+34!=9=>3)*4!),)!90G0-0H.34!
3)*+3!3.U'%%!
!
! QZ&@F!_dJFG3/*+,4/,G03!-7)4!93!G+,/:3!0)N+7Q+,.I3JJ`!!
!!!27!Z&@F!34*!?74=3!4.+!934!/7G7/0*=4!-J7?4,+G*0,)!3*!-3!-0NN.40,)!-3!97!9.>0T+3!G+,/:3!-3!9J0)N+7Q
+,.I3V!-3!-0NN=+3)*34!>,9=/.934!,+I7)0H.34'1KK!!
!
! "A!
}.39H.34!*+787.U!G+=90>0)70+34!,)*!=*.-0=!934!G3+N,+>7)/34!-3!/3**3!*3/:)0H.3!G,.+!9J7)79W43!-.!
/,)*3).!3)!90G0-34!3*!3)!G+,*0-34!-34!G97H.34!-J7*:=+,4/9=+,43'!o)3!=*.-3!3UQ808,!4.+!-34!7,+*34!
:.>70)34! 7.*,G40H.34! 7!>,)*+=! H.3! 97!Z&@F! G3+>3**70*! -3!>3**+3! 3)! =80-3)/3! 934! 4*+./*.+34!
90G0-0H.34V!-34!N0)34!/:7G34!N0?+3.434!3*!-34!/399.934!0)N97>>7*,0+34!783/!.)3!43)40?090*=!3)*+3!$$!
3*!%Kh!3*!.)3!4G=/0N0/0*=!3)*+3!O%!3*!%Kh'1K1!234!-,))=34!-3!9J=*.-3!FCMB6(B2!_FCMB6+,4/,G0/!
(44344>3)*!,N!B,+,)7+W!20G0-`!,)*!>,)*+=!H.3!97!Z&@F!3)-,/,+,)70+3!=*70*!N7047?93!0)Q808,!/:3X!
9J:,>>3! >79I+=! 93! N9.U! 47)I.0)! /,+,)70+3! 3*! 934! >,.83>3)*4! /7+-07H.34'1K"! C,.+! 93! +34*3V!
7./.)3!-,))=3!)J34*!7/*.3993>3)*!-04G,)0?93!/,)/3+)7)*! 934!/7G7/0*=4!-3!/3**3!*3/:)0H.3!G,.+!
9J7)79W43!-3!97!G97H.3'!!
!
!%1=24$4>+%(&242&+2D"(+D%(&&
&
& Q2J0>7I3+03!G7+!+=4,))7)/3!>7I)=*0H.3!S!
!!!2J&@<!G3+>3*!7/*.3993>3)*!-J,?*3)0+!.)3!/7+7/*=+047*0,)!H.7)*0*7*083!3*!H.790*7*083!G+=/043!-34!
G97H.34! -J7*:=+,4/9=+,43! 7.! )0837.! -J7+*T+34! -3! I+,4! /790?+3! 3*! 0>>,?0934! /,>>3! 934! 7+*T+34!
/7+,*0-34!_]0I.+3!1K`'!!
!
234! 4=H.3)/34! 6"! 3*! 61! G3+>3**3)*! -3! -04*0)I.3+! 934! G97H.34! 90G0-0H.34! 3*! N0?+3.434! 4.+! -34!
>,-T934!7)0>7.U1K#!3*!/:3X!9J:,>>3'1KP!&9!34*!=I793>3)*!G,440?93!4.+!/34!4=H.3)/34!-3!>34.+3+!
9J=G70443.+!-3!97!/:7G3!N0?+3.43V1K;!-J0-3)*0N03+!.)3!+.G*.+3!-3!G97H.31KA!3*!.)3!:=>,++7I03!0)*+7Q
G97H.3'1K$! L34! 4=H.3)/34! -J7/H.040*0,)4! 79*3+)7*0834V! /,>>3! 934! 4=H.3)/34! 3)! I+7-03)*! -3!
-0NN.40,)! ,.! 7G+T4! 0)E3/*0,)! -3! I7-,N9.,+0)3! ,)*! =*=! -=839,GG=34! G,.+! -=*3/*3+! 97!
)=,7)I0,I=)T43! 0)*+7QG97H.3!3*! 9J0)N09*+7*0,)! 0)N97>>7*,0+3'1KOV! 1K%!L3!G9.4V! -0NN=+3)*4! 7I3)*4!-3!
/,)*+74*3! 4G=/0N0H.34! ,)*! =*=! -=839,GG=4! 7N0)! -3! /0?93+! -34! /,>G,47)*4! -34! G97H.34!
-J7*:=+,4/9=+,43'! 2J0)N97>>7*0,)! -3! 97! G97H.3! G3.*! [*+3! -=*3/*=3! 7G+T4! 9J0)E3/*0,)! -3!
>0/+,G7+*0/.934! -3! N3+! 4.G3+>7I)=*0H.34! H.0! 4J7//.>.93)*! -7)4! 934! >7/+,G:7I34'11K! 27!
)=,7)I0,I=)T43! G3.*Q[*+3! 804.7904=3! 783/! -34! 7I3)*4! >7I)=*0H.34! 4G=/0N0H.34! -3! G+,*=0)34!
3)-,*:=907934!/,>>3!934!0)*=I+0)34!,.!934!!nB(<Q1!G7+!3U3>G93'111V!11"!
!
2J&@<!7GG7+7g*!-,)/!/,>>3!=*7)*!*+T4!G3+N,+>7)*3!G,.+!7)79W43+!934!G7+,04!-34!7+*T+34!-3!I+,4!
/790?+34!>704! -34! 7>=90,+7*0,)4! *3/:),9,I0H.34! 43+,)*! )=/34470+34! G,.+! 3)8047I3+! 9J7//T4! 7.U!
7+*T+34! /,+,)70+34V! -.! N70*! -3! 93.+4! G9.4! G3*0*34! *709934! 3*! -3! 93.+4! >,.83>3)*4! H.740Q
G3+>7)3)*4'!
! !
! "$!
! !
! !c)+'$/*M4Q*7)<'-.)<-#)%"*&X'"/*B.-C'/*&X-#@,$%<(.,$%</*(-$%#)&)/""/*/"*!\5*O<,C'/"(/*?M*-B$e<*
* )"g/(#)%"*&/*b-&%.)")'DP*-H/(*'"/*V)"/*(@-B/*V)2$/'</O/"*H/$#P*$/(%'H$-"#*'"*(/"#$/*.)B)&%;
* ",($%#)C'/*O/"*g-'"/P*O&X-B$e<*>-)*/#*-.KM4YP*
!
!
! Q6,>,I+7G:03!G7+!=>0440,)!-3!G,40*,)4!S!!
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G+,*=,9W*0H.34! 3*! -34! >=-07*3.+4! G+,Q0)N97>>7*,0+34! H.0! ,)*! .)3! *,U0/0*=! -0+3/*3! G,.+! 934!
/399.934! >W,/7+-0H.34! 3*! 3)-,*:=907934! 3*! N78,+043)*! 97! 874,/,)4*+0/*0,)1%V! "Kp! _P`! 3)N0)V! 97!
4.4/3G*0?090*=!0)-080-.3993!7.U!9=40,)4!>0/+,874/.970+34'!&9!7!-7)4!/3!/7-+3!=*=!>,)*+=!.)3!>,0)4!
?,))3! +=G,)43! D! 97! +3G3+N.40,)! >0/+,874/.970+3! /:3X! 934! 4.E3*4! -07?=*0H.34! 3*! 3)! /74!
-J:WG3+/:,934*=+,9=>03! /:3X! 9J7)0>79'"1V! ""! (! ),*3+! H.3! 93! ),Q+3N9,\! 34*! .)! G:=),>T)3!
-W)7>0H.3! 7.! /,.+4! -.! *3>G4'! L7)4! .)3! =*.-3! 3)! =/:,I+7G:03! -3! /,)*+74*3V! 93! ),Q+3N9,\!
! P;!
G3+404*70*! D! .)!>,04! /:3X! PKh!-34! G7*03)*4V! 783/! .)! 0>G7/*! 3)! *3+>34! -3! N,)/*0,)! 4W4*,90H.3!
83)*+0/.970+3!I7./:3!/,>G7+7*083>3)*!7.U!G7*03)*4!/:3X!H.0!93!),Q+3N9,\!7870*!-04G7+.'"#!
!
! ?@$%D2%;-<B)$-#)%"*
!
!!!BJ34*! -7)4! 93! ?.*! -J7>=90,+3+! 97! +3G3+N.40,)! >W,/7+-0H.3V! 3)! 3447W7)*! -3! +=-.0+3! 934!
G:=),>T)34!-J3>?,9047*0,)!-04*793!-3!*:+,>?.4!3*!-3!-=?+04!-3!G97H.34V!H.3! ! 934!4W4*T>34!-3!
*:+,>?,Q74G0+7*0,)V!D!97!N,04!),)!>7).394!3*!>7).394V!,)*!=*=!-=839,GG=4'!M)!/3!H.0!/,)/3+)3!934!
*:+,>?,Q74G0+7*0,)4! ),)! >7).39934V! G9.403.+4! 7GG7+3094! 4,)*! 7/*.3993>3)*! -04G,)0?934'!
2J()I0,E3*! _<3-+7-V! 7++3)-793V! C3))4W987)07V! oF(`! G+,-.0*! .)3! G+3440,)! )=I7*083! D!
9J3U*+=>0*=!-.!/7*:=*3+!-J74G0+7*0,)!43>?97)*!N78,+043+!9J74G0+7*0,)!-.!*:+,>?.4V!H.0!34*!3)4.0*3!
N+7I>3)*=!G7+!.)3!G3+N.40,)!-3! 4=+.>!479='! 234! +=4.9*7*4!-3! /3! 4W4*T>3! +34*3)*! /,)*+,83+4=4'!
L7)4! 9J=*.-3! (0<&V! 9J.*09047*0,)! -3! 9J()I0,E3*! )J7! G74! G3+>04! -3! +=-.0+3! 93! /+0*T+3! G+0>70+3V! D!
478,0+! 97! *70993! -3! 9J0)N7+/*.4! D! #K! E,.+4! >34.+=! 3)! 4/0)*0I+7G:03V! /,>G7+7*083>3)*! D!
9J7)I0,G974*03! 43.93! 3*! 9J.)! -34! /+0*T+34! 43/,)-70+34V! =8T)3>3)*4! /7+-0,874/.970+34! >7E3.+4!
_<(BM`V!=*70*!7.I>3)*=!-7)4!93!I+,.G3!*:+,>?,Q74G0+7*0,)!_AV$!84'!1V$h!p!C!sKVK1`"P'!C7+!/,)*+3V!
-7)4! 9J34470! tM6F6MZ6V! 934! /+0*T+34! G+0>70+34V! +=I+3440,)! -.! 43I>3)*! F6! 3*! *70993! -J0)N7+/*.4V!
)J=*703)*!G74!7**30)*4!>704!93!*7.U!-3!<(BM!D!A!3*!1"!>,04!=*703)*!40I)0N0/7*083>3)*!G9.4!?74!3)!
/74! -3! *:+,>?,Q74G0+7*0,)'";! 23! 4W4*T>3! kQ40X3+! _3n#V! :0*3! 537+! 27R3V! <0))34,*7V! oF(`!
G+,G,43!H.7)*!D!9.0!.)3!:=90/3!H.0!/,.G3!93!*:+,>?.4!7.!>,>3)*!-3!9J74G0+7*0,)'!2J3NN0/7/0*=!-3!
/3! -04G,40*0N! 7! =*=! *34*=3! -7)4! #! =*.-34! +7)-,>04=34! H.0! ,)*! >,)*+=! .)3! 7>=90,+7*0,)! -3! 97!
+=I+3440,)! -.! 43I>3)*! F6V! -.! N9.U! 6&<&! 3*! -3! 9J0)/0-3)/3! -.! ),Q+3N9,\! /,>G7+7*083>3)*! D!
9J7)I0,G974*03! 43.93V! >704! 47)4! ?=)=N0/3! /90)0H.3! D! 1! 3*! A! >,04'"AQ"O! 6+,04! 7.*+34! 4W4*T>34V! 93!
@0)I74G0+7*,+!_3n#V!:0*3!537+!27R3V!<0))34,*7V!oF(`V!93!6n(B!_Z0G+,V!<7:7+74:*+7V!t7G7)`!3*!
93!@MFBoM!_5,4*,)!F/03)*0N0/V!Z7*0/RV!<7447/:.43**4V!oF(`V!G+,G,43)*!97!+=79047*0,)!-3!*:+,>?,Q
74G0+7*0,)4!>=/7)0H.34!>704! 47)4! N+7I>3)*7*0,)! -.! *:+,>?.4'! 23.+4! G3+N,+>7)/34! 43>?93)*!
=I793>3)*! >0*0I=34'"%Q#1! ]0)793>3)*V! .)3! >=*7Q7)79W43! G.?90=3! +=/3>>3)*! )J7! G74! >04! 3)!
=80-3)/3! -3! ?=)=N0/3! /90)0H.3! D! 9J.*09047*0,)! -3! /34! -04G,40*0N4! -3! *:+,>?,Q74G0+7*0,)! ),)!
>7).394! /,>G7+7*083>3)*! D! 9J7)I0,G974*03! /,+,)70+3! /,)83)*0,))3993! 783/! >[>3! .)! *7.U! -3!
>,+*790*=!D!#K!E,.+4!9=IT+3>3)*!4.G=+03.+!3)!/74!-3!*:+,>?,Q74G0+7*0,)!),)!>7).3993!_"'#h!84!
1'%h!+34G3/*083>3)*!p!^@!%;h!B&s1'"$!K'$""'"AV!GsKVP1`'#"!
!
234! -04G,40*0N4! -3! *:+,>?,Q74G0+7*0,)! >7).394! +3G,43)*! 4.+! -34! G+0)/0G34! ?37./,.G! G9.4!
40>G934V! 9J74G0+7*0,)! -.! *:+,>?.4! 43! N7047)*! I+a/3! D! .)3! G+3440,)! )=I7*083! N,.+)03! G7+! .)3!
43+0)I.3'!L3!),>?+3.U!4W4*T>34!3U04*3)*!3*!094!)3!-0NNT+3)*!3)*+3!3.UV!G+7*0H.3>3)*V!H.3!G7+!93!
-07>T*+3!-3! 97! 9.>0T+3! 0)*3+)3!-J74G0+7*0,)V!.)!=9=>3)*!3443)*039!-7)4! 97!/7G7/0*=!-J74G0+7*0,)!
! PA!
-.! *:+,>?.4'##! 2J3NN0/7/0*=! -3! /34! /7*:=*3+4! -3! *:+,>?,Q74G0+7*0,)! >7).394! 7GG7+7g*! G9.4!
0>G,+*7)*3!H.3!/3993!-34!4W4*T>34!-J74G0+7*0,)!),)!>7).394!783/!G9.403.+4!=*.-34!G,40*0834!3)!
*3+>34!-3!?=)=N0/3!/90)0H.3'!2J=*.-3!6(C(F!_6:+,>?.4!(4G0+7*0,)!-.+0)I!C3+/.*7)3.4!/,+,)7+W!
0)*3+83)*0,)! 0)! (/.*3! >W,/7+-079! 0)N7+/*0,)! F*.-W`! 34*! 97! G+0)/0G793'#P! &9! 4J7I0*! -J.)3! =*.-3!
>,),/3)*+0H.3! H.0! 7! 0)/9.4! 1K$1! G7*03)*4V! +7)-,>04=4! 1S1! 3)*+3! *:+,>?,Q74G0+7*0,)!
4W4*=>7*0H.3! 3*! 7)I0,G974*03! /,)83)*0,))3993'! 234! /+0*T+34! -J0)/9.40,)! =*703)*! 934! F6M<&! -3!
>,0)4! -3! 1"! :3.+34! -J=8,9.*0,)V! H.394! H.3! 4,03)*! 97! /:7+I3! *:+,>?,*0H.3! ,.! 93! N9.U! 6&<&!
,?E3/*08=! 3)! 7)I0,I+7G:03'! 27! *:+,>?,Q74G0+7*0,)! =*70*! +=7904=3! 783/! 93! /7*:=*3+! MUG,+*!
_<3+-*+,)0/V! <0))37G,904V! <0))34,*7V! oF(`'! 234! +=4.9*7*4! >,)*+3)*! .)! *7.U! -3! -=/T4! *,.*34!
/7.434! D! 1! 7)! 0)N=+03.+! -7)4! 93! I+,.G3! *:+,>?,Q74G0+7*0,)! /,>G7+7*083>3)*! 7.! I+,.G3!
7)I0,G974*03!43.93!_#VA!84'!AV$h!p!q@!1V%#!p!%;hB&!1V11Q#V#$!p!C!sKV"K`'!23!/+0*T+3!/,>?0)=!-=/T4!
/7+-0,874/.970+3!,.! +=0)N7+/*.4!=*70*! =I793>3)*!-0>0).=!3)!/74!-3! *:+,>?,Q74G0+7*0,)! _;VA!84'!
%V%!h!p!q@!1VO1p!%;hB&!1V1AQ"VOPp!C!sKVKK%`!_]0I.+3!1`'!!
! !
! !
! c)+'$/*MQ* (%'$2/<* h-B.-";5/)/$* B%'$* ./<* &,(e<* #%'#/* (-'</* OFP* /#* ./* ($)#e$/* (%D2)",* &,(e<*
* (-$&)%H-<('.-)$/`* $,)"V-$(#'<* O]P* d* M* -"* /"#$/* ./<* +$%'B/<* #@$%D2%;-<B)$-#)%"* /#* -"+)%B.-<#)/*
* (%"H/"#)%""/../*&-"<*.X,#'&/*?FaF9RRK***
!
!
LJ7.*+34!=*.-34!+7)-,>04=34!-3!G9.4!G3*0*3!*70993!_-3!%%!D!1$;!G7*03)*4`#;Q#O!70)40!H.3!-3.U!>=*7Q
7)79W434#%V! PK!,)*!=I793>3)*!>,)*+=!.)3!4.G=+0,+0*=!-3!97!*:+,>?,Q74G0+7*0,)!4.+!9J7)I0,G974*03!
43.93!-7)4!93!*+70*3>3)*!-34!F6M<&V!783/!.)3!+=-./*0,)!-34!=8=)3>3)*4!/7+-0,874/.970+34!3*!.)!
>30993.+!+=4.9*7*!3)!*3+>34!-3!+=I+3440,)!-.!43I>3)*!F6V!-.!4/,+3!7)I0,I+7G:0H.3!59.4:!3*!-3!
9J0)/0-3)/3! -.! ),Q+3N9,\'! 2J3)43>?93! -3! /34! +=4.9*7*4! 7! N70*! 7GG7+7g*+3! 97! *:+,>?,Q74G0+7*0,)!
/,>>3! 9J.)! -34! *+70*3>3)*4! G,440?934! D! 97! G:743! 70I.! -34! F6M<&! 783/! .)! )0837.! -3!
+3/,>>7)-7*0,)!-3!/97443!&&7!3*!.)!)0837.!-J=80-3)/3!5!-7)4!934!-3+)0T+34!+3/,>>7)-7*0,)4!-3!
9JMFB'P1!23!?=)=N0/3!-3! 97! *:+,>?,Q74G0+7*0,)!7!/3G3)-7)*!+=/3>>3)*!=*=!+3>04!3)!/7.43!-7)4!
.)3!=*.-3!>.9*0/3)*+0H.3V!+7)-,>04=3'P"!Z,.4!W!+3803)-+,)4!-7)4!93!/:7G0*+3!dX!!KMK>K*5)</*d*g%'$XX'!
(!),*3+V!3)N0)V!H.3!-7)4!9J3)43>?93!-3!/34!=*.-34!4.+!97!*:+,>?,Q74G0+7*0,)V!9J3NN0/7/0*=!-3!/3993Q
! P$!
/0! =*70*! E.I=3! 0)-=G3)-7>>3)*! -3! 47! /7G7/0*=! D! 74G0+3+! 3NN3/*083>3)*! -.! >7*=+039! 7*:=+,Q
*:+,>?,*0H.3'!
!
* 5,#@%&/<*&X,H-.'-#)%"*&'*"%;$/V.%1*
* *
2J,?4*+./*0,)! >0/+,874/.970+3! ,.! ),Q+3N9,\! 70)40! H.3! 9J3NN0/7/0*=! -34! 4W4*T>34! -3! *:+,>?,Q
74G0+7*0,)! D! 97! G:743! 70I~3! -34! F6M<&! G3.83)*! [*+3! 7GG+=/0=34! 7.! >,W3)! -3! -0NN=+3)*4!
G7+7>T*+34S!!
! !
! Q2J7)I0,I+7G:03!/,+,)70+3!S!!
!!!23! ),Q+3N9,\! G3.*! [*+3! =879.=! D! 97! N0)! -3! 9J7)I0,G974*03V! 9,+4! -34! -3+)0T+34! 0)/0-3)/34!
7)I0,I+7G:0H.34V!G7+! 934!4/,+34!6&<&!3*!-3!59.4:!_,.!<W,/7+-079!59.4:!c+7-3!p!<5c`'!23!4/,+3!
6&<&! /,++34G,)-! 7.! -3I+=! -J,G7/0N0/7*0,)! -.! 8704437.! /,+,)70+3! 3)! 7879! -3! 97! 9=40,)! ,.! -3!
9J,//9.40,)!3*! 34*! /9744=! 3)!P! I+7-34V!-.!I+7-3!KV! /,++34G,)-7)*! D! 9J7?43)/3!-J,G7/0N0/7*0,)V! 7.!
I+7-3!6&<&!#! 783/!.)3!,G7/0N0/7*0,)! /,>G9T*3!-3! 9J7+*T+3! /,.G7?93! 43! N7047)*! 783/!.)3!80*3443!
),+>793!/,>G7+7*083>3)*!7.U!7+*T+34!/,+,)70+34!7-E7/3)*34'P#!2J=879.7*0,)!-.!4/,+3!6&<&!G3.*!
43! N70+3! G9.4! G+=/04=>3)*! 3)! /79/.97)*! 93! ),>?+3! -J0>7I34! )=/34470+34! G,.+! 804.79043+!
9J,G7/0N0/7*0,)!-J7879!-.!43I>3)*!7+*=+039!_dJ6&<&!N+7>3!/,.)*JJ`'PP!27!>043!3)!=80-3)/3!-J.)!N9.U!
6&<&!3)*+3!K!3*!"!34*!G+=-0/*083!-3!9J3U04*3)/3!-J.)!),Q+3N9,\!>704!/39.0Q/0!34*!=I793>3)*!G+=43)*!
-7)4!.)3!I+7)-3!G+,G,+*0,)!-3!G7*03)*4!783/!.)!N9.U!6&<&!#!3)!N0)!-3!G+,/=-.+3!783/!.)3!7+*T+3!
=G0/7+-0H.3!?03)! +3G3+>=7?0904=3'!27! 43)40?090*=!-.! 4/,+3!6&<&!G,.+! 97!-=*3/*0,)!-.!),Q+3N9,\!
34*! -,)/! G9.*x*! N70?93'! 23! 43/,)-! 4/,+3! 7)I0,I+7G:0H.3! 34*! 93! 59.4:V! H.0! =879.3! 93! -3I+=! 3*! 97!
80*3443!-J,G7/0N0/7*0,)!-.!*044.!>W,/7+-0H.3!3)!7879!-3!9J7+*T+3!/,.G7?93'!23!4/,+3!-3!59.4:!34*!
=I793>3)*!/9744=!3)!P!I+7-34!-3!K!D!#'!&9!7!=*=!>,)*+=!.)3!N,+*3!/,++=97*0,)!3)*+3!/34!-0NN=+3)*4!
I+7-34! 3*! 934! 3)XW>34! /7+-07H.34V! 97! N+7/*0,)! -J=E3/*0,)! 83)*+0/.970+3! I7./:3! 3*! 93! *7.U! -3!
>,+*790*=! D!1! 7)'P;! C7+! 70993.+4V! -7)4! /3**3! =*.-3!7W7)*! 0)/9.4!$$$!G7*03)*4V! .)!?9.4:!KQ1! 7! =*=!
/,)4*7*=!/:3X!;Kh!-34!G7*03)*4!G+=43)*7)*!.)!N9.U!6&<&!#'!!!!
!
! Q2J=93/*+,/7+-0,I+7>>3!_MBc`!S!!
!!!2JMBc!G3+>3*!-J7)79W43+!93!-3I+=!-3!+=I+3440,)!-.!4.4Q-=/797I3!-.!43I>3)*!F6!_F6@`V!3UG+0>=!
3)!G,.+/3)*7I3V!%K!>0).*34!7G+T4! 9J7)I0,G974*03!/,+,)70+3'!o)3!8793.+!-3!+=-./*0,)!-.!F6@!-3!
$Kh! 34*! 3)! N783.+! -J.)! 4.//T4! -3! 97! +3G3+N.40,)! >W,/7+-0H.3! 3*! +3G+=43)*3! .)! /+0*T+3!
0)-=G3)-7)*!-3!>,+*790*=!7G+T4!.)!F6M<&'PA!
!
! PO!
!234! 4/,+34! 6&<&! 3*! 59.4:! 70)40! H.3! 9JMBc! 4J,?*03))3)*! N7/093>3)*!>704! 094! )3! G3+>3**3)*! G74!
-J=879.3+! -0+3/*3>3)*! 97! +3G3+N.40,)! >W,/7+-0H.3'! C,.+! /3! N70+3V! -3.U! *3/:)0H.34! 4,)*!
7/*.3993>3)*!-04G,)0?934V!9J=/:,/7+-0,I+7G:03!-3!/,)*+74*3!3*!9!d&@<'!!
!
! QM/:,/7+-0,I+7G:03!-3!/,)*+74*3!>W,/7+-0H.3S!!
!!!2J=/:,/7+-0,I+7G:03! -3! /,)*+74*3! G3+>3*! -J,?E3/*083+V! 7G+T4! 0)E3/*0,)! G=+0G:=+0H.3! -3!
>0/+,?.9934V!9J7?43)/3!-3!N0U7*0,)!-3!/39934Q/0!7.!)0837.!-34!X,)34!>W,/7+-0H.34!H.0!4,)*!93!40TI3!
-J.)3! ,?4*+./*0,)! >0/+,874/.970+3'! L7)4! 9J=*.-3! (<&B&V! 9J3U*3)40,)! -.! ),Q+3N9,\V! =879.=3! G7+!
/3**3! *3/:)0H.3V! =*70*! 93! >30993.+! G+=-0/*3.+! -J.)!>7.8704! +3>,-397I3! 83)*+0/.970+3! 7G+T4! .)!
F6M<&V! 4.G=+03.+! 7.! F6@! 3*! 7.! 59.4:V! /:3X! 934! G7*03)*4! G+=43)*7)*! .)! N9.U! 6&<&! #! 3)! N0)! -3!
G+,/=-.+3'"#!
!
! Q2J&@<!/7+-07H.3!S!!
!!!2J&@<!/7+-07H.3!+3G+=43)*3!7/*.3993>3)*!97!>=*:,-3!-3!+=N=+3)/3!G,.+!9J=*.-3!-.!),Q+3N9,\!3*!
G3+>3*! =I793>3)*! -J=879.3+! -0+3/*3>3)*! 97! *70993! -3! 9J0)N7+/*.4'P$V! PO! 23! ),Q+3N9,\! 34*! 804.7904=!
/,>>3!.)!:WG,Q40I)79!7G+T4! 0)E3/*0,)!-3!I7-,90)0.>!4.+! 934!4=H.3)/34!-3!G+3>03+!G7447I3!3*!
4.+*,.*!4.+!934!4=H.3)/34!*7+-0834!_3)*+3!#!3*!1;!>0).*34`!3)!61!783/!0)83+40,)!+=/.G=+7*0,)'P%!
B3*! :WG,Q40I)79! 34*! 9,/7904=! 7.! )0837.! -.! 4,.4Q3)-,/7+-3V! 7.! 430)! -J.)3! X,)3! -J:WG3+Q40I)79!
/,++34G,)-7)*!D! 97!)=/+,43!>W,/7+-0H.3!G9.4!,.!>,0)4!744,/0=3!D!-3! 9Jl-T>3!_]0I.+3!"`'!L34!
=*.-34! 7)0>7934!,)*! 8790-=!G+=/04=>3)*! /34! /,)4*7*7*0,)4';KV! ;1! 27!G+=43)/3! 3*! 9J3U*3)40,)!-J.)!
),Q+3N9,\!3)!&@<!4,)*!90=34!-3!>7)0T+3!0)-=G3)-7)*3!D!.)!+3>,-397I3!83)*+0/.970+3!)=I7*0N;"V!;#!
3*! D! 97! 4.+83).3! -J=8=)3>3)*4! /7+-0,874/.970+34! >7E3.+4';"V! ;PV! ;;! C7+! 70993.+4V! 97! *70993! -3!
9J0)N7+/*.4!34*!G9.4!G+=/04=>3)*!=879.=3!D!-04*7)/3!-3!9J=G04,-3!70I.!_#!D!A!>,04`;AV!.)3!N,04!934!
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Effect of Macroscopic-Positive Thrombus Retrieval During Primary
Percutaneous Coronary Intervention With Thrombus Aspiration
on Myocardial Infarct Size and Microvascular Obstruction
Romain Chopard, MDa,*, Philoktimon Plastaras, MDa, Jerome Jehl, MDb, Sebastien Janin, MDa,
Vincent Descotes Genon, MDa, Marie-France Seronde, MDa, Siamak Davani, MD, PhDc,
Bruno Kastler, MDb, Francois Schiele, MD, PhDa, and Nicolas Meneveau, MD, PhDa
Adjunctive thrombus aspiration (TA) during primary percutaneous coronary intervention
improves myocardial perfusion and survival; however, the effect of effective thrombus
retrieval remains unclear. We evaluated whether macroscopic-positive TA in patients with
ST-segment elevation myocardial infarction would reduce the infarct size (IS) and micro-
vascular obstruction (MVO), as assessed by contrast-enhanced magnetic resonance
imaging. A total of 88 patients with ST-segment elevation myocardial infarction were
prospectively recruited and assigned to the TA-positive group (n [ 38) or TA-negative
group (n [ 50) according to whether macroscopic aspirate thrombus was visible to the
naked eye. The primary end points were the extent of early and late MVO as assessed by
contrast-enhanced magnetic resonance imaging performed during in-hospital stay and IS
evaluated in the acute phase and at 6 months of follow-up. The incidence of early and late
MVO and IS in the acute phase was lower in the TA-positive group than in the TA-negative
group (early MVO 3.8 – 1.1% vs 7.6 – 2.1%, respectively, p[ 0.003; late MVO 2.1 – 0.9%
vs 5.4 – 2.9%, p[ 0.006; and IS 14.9 – 8.7% vs 28.2 – 15.8%, p[ 0.004). At the 6-month
contrast-enhanced magnetic resonance imaging study, the ﬁnal IS was signiﬁcantly lower in
the TA-positive group (12.0 – 8.3% vs 22.3 – 14.3%, respectively) than in the TA-negative
group (p[ 0.002). After multivariate adjustment, macroscopic-positive TA represented an
independent predictor of ﬁnal IS (odds ratio 0.34, 95% conﬁdence interval 0.03 to 0.71, p[
0.01). In conclusion, effective macroscopic thrombus retrieval before stenting during
percutaneous coronary intervention for ST-segment elevation myocardial infarction is
associated with an improvement in myocardial reperfusion, as documented by a clear
reduction in the MVO extent and IS. ! 2013 Elsevier Inc. All rights reserved. (Am J
Cardiol 2013;111:159e165)
Primary percutaneous coronary intervention has emerged
as the preferred treatment of acute ST-segment elevation
myocardial infarction (STEMI).1 However, despite adequate
epicardial reperfusion in the infarct-related artery, sponta-
neous or primary percutaneous coronary intervention-
induced embolization of atherothrombotic material from
the culprit lesion into the distal vasculature can occur and
can induce persistent impairment of microvascular blood
ﬂow in a signiﬁcant proportion of patients.2 Microvascular
dysfunction has been reported to be associated with larger
infarct size (IS), reduced recovery of ventricular function,
and increased mortality.2,3 To date, scientiﬁc evidence has
been presented to suggest that adjunctive manual thrombus
aspiration (TA) during primary percutaneous coronary
intervention improves myocardial reperfusion4e6 and
decreases mortality in patients with STEMI,7e10 potentially
by reducing microvascular damage. In the Thrombus
Aspiration during Percutaneous coronary intervention in
Acute myocardial infarction Study (TAPAS), the largest
randomized study of a thrombectomy device, macroscopic
aspirate thrombotic material was observed in >1/2 of the
cases.5 However, the effect of effective thrombus retrieval
on myocardial reperfusion remains poorly described.11
Therefore, we performed a prospective study to evaluate
whether positive macroscopic TA in patients with STEMI
would reduce the IS and microvascular obstruction (MVO),
as assessed by contrast-enhanced magnetic resonance
imaging (CE-MRI).
Methods
Patients aged <75 years who had undergone primary
percutaneous coronary interventionwithmanual TA for a ﬁrst
STEMIwere recruited. The inclusion criteria were as follows:
a diagnosis of STEMI with evidence of ischemic chest pain
for>30 minutes and new ST-segment elevation of!2 mm in
!2 contiguous electrocardiographic leads within 12 hours of
symptom onset,12 infarct-related artery!2.5 mm in diameter,
and angiographically identiﬁable thrombus with a thrombus
aDepartments of Cardiology, bRadiology, and cPharmacology, Univer-
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score of!3.13 The exclusion criteria were a history of cardiac
disease, technical failure of nontraumatic passage of an
aspiration catheter owing to severe tortuosity and/or
calciﬁcation, left main disease, cardiogenic shock, thrombo-
lytic therapy before percutaneous coronary intervention, and
a contraindication toCE-MRI.We also excluded patientswith
Figure 1. CE-MRI (15 minutes after contrast injection) scans from patient with acute anteroseptal myocardial infarction. IS was quantiﬁed by manual
planimetry of hyperenhancement myocardium (A, red contour). For all slices, the absolute mass in grams of infarcted myocardium was measured according to
the following formula: infarct mass (g) ¼ S hyperenhanced area (cm2) # slice thickness (cm) # myocardial speciﬁc density (1.05 g/cm3). Relative IS
(percentage) was obtained by the ratio of infarct absolute mass (g)/left ventricular myocardial mass. The microvascular obstruction (B, red contour; hypo-
enhanced myocardium surrounded by hyperenhanced myocardium) was manually quantiﬁed using the same method.
Table 1
Baseline clinical and pre-procedural angiographic characteristics
Variable Total (n ¼ 88) TA p Value
No (n ¼ 50) Yes (n ¼ 38)
Age (yrs) 55 $ 10 56 $ 11 54 $ 10 0.459
Men 73 (83%) 45 (90%) 28 (74%) 0.098
Hypertension 29 (33%) 16 (32%) 13 (34%) 0.176
Diabetes mellitus 6 (7%) 3 (6%) 3 (8%) 0.305
Smokers 50 (56%) 34 (68%) 26 (68%) 0.182
Obesity* 8 (9%) 2 (4%) 6 (15%) 0.071
Dyslipidemia† 31 (35%) 18 (36%) 13 (34%) 0.175
Total ischemic time (min) 349 $ 270 325 $ 227 412 $ 364 0.216
Systolic blood pressure (mm Hg) 122 $ 23 121 $ 23 124 $ 23 0.524
Diastolic blood pressure (mm Hg) 77 $ 14 75 $ 14 79 $ 14 0.131
Diseased coronary arteries (n)
1 58 (66%) 31 (62%) 27 (71%) 0.496
2 23 (26%) 14 (28%) 9 (23%) 0.807
3 7 (8%) 5 (10%) 2 (5%) 0.457
Infarct-related coronary artery
Left anterior descending artery 30 (34%) 17 (34%) 13 (34%) 0.179
Left circumﬂex artery 13 (15%) 11 (22%) 2 (5%) 0.035
Right 34 (39%) 13 (26%) 21 (55%) 0.007
Other 11 (12%) 9 (18%) 2 (5%) 0.055
Preprocedural Thrombolysis In Myocardial Infarction ﬂow grade 0.110
0 or 1 59 (67%) 29 (58%) 30 (79%) 0.062
2 7 (8%) 3 (6%) 4 (10%) 0.227
3 22 (25%) 18 (36%) 4 (10%) 0.004
Bifurcation 16 (18%) 7 (14%) 9 (24%) 0.112
Lesion length (mm) 24 $ 11 12 $ 5 12 $ 6 0.610
Vessel reference diameter (mm) 3.1 $ 0.4 2.9 $ 0.4 3.1 $ 0.3 0.003
Preprocedural minimum lumen diameter (mm) 0.26 $ 0.4 0.37 $ 0.4 0.19 $ 0.4 0.060
Preprocedural thrombus score
3 29 (33%) 17 (34%) 12 (31%) 0.068
4 28 (32%) 15 (30%) 13 (34%) 0.457
5 31 (35%) 18 (36%) 13 (34%) 0.259
Data are presented as mean $ SD or n (%).
* Deﬁned as body mass index !30 kg/m2.
† Receiving medical treatment.
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diabetes mellitus to limit microvascular dysfunction related to
glycemic dysregulation.14 The local ethics committee
approved the study protocol, and all enrolled patients
provided informed consent.
All interventions were performed according to the current
guidelines.1 TA was performed with !2 passages across the
lesion with a 6F Export Aspiration Catheter (Medtronic
Vascular, Santa Rosa, California) before balloon dilation
Table 2
Postprocedural angiographic characteristics
Variable Total (n ¼ 88) TA p Value
No (n ¼ 50) Yes (n ¼ 38)
Duration of ﬂuoroscopy (min) 13 # 1 11 # 7 17 # 19 0.069
Administration of glycoprotein IIb/IIIa inhibitor 53 (60%) 32 (64%) 19 (55%) 0.359
Anticoagulant therapy (%)
Unfractionated heparin 58 (72%) 29 (58%) 19 (50%) 0.756
Low-molecular-weight heparin 13 (14%) 6 (12%) 7 (18%) 0.458
Bivalirudin 17 (19%) 10 (12%) 7 (29%) 0.058
“Direct” stenting 54 (61%) 29 (59%) 25 (65%) 0.512
Stent type
Bare metal stent 67 (76%) 36 (72%) 31 (82%) 0.325
Drug-eluting stent 8 (9%) 4 (8%) 4 (10%) 0.721
Minimum lumen diameter after stenting (mm) 2.9 # 0.4 2.8 # 0.4 3.0 # 0.4 0.003
Postprocedural Thrombolysis In Myocardial Infarction
ﬂow grade
0 or 1 2 (2%) 0 (0%) 2 (5%) 0.183
2 3 (3%) 2 (4%) 1 (2%) 0.424
3 83 (93%) 48 (96%) 35 (92%) 0.648
Post-stenting myocardial blush grade
0 or 1 6 (7%) 2 (4%) 4 (13%) 0.391
!2 82 (95%) 48 (96%) 34 (89%) 0.721
Intraprocedural complications
Side branch occlusion 3 (3%) 3 (6%) 0 (0%) 0.255
Flow-limiting dissection 2 (2%) 1 (2%) 1 (3%) 1.000
Distal embolization 6 (7%) 4 (8%) 2 (5%) 0.694
No-reﬂow 2 (2%) 0 (0%) 2 (5%) 0.183
Emergency coronary artery bypass grafting 0 (0%) 0 (0%) 0 (0%) 1.000
!1 Previous criteria 12 (14%) 7 (14%) 5 (13%) 0.856
90-minute ST-segment resolution >70% 74 (84%) 40 (80%) 34 (89%) 0.257
Cardiac troponin peak (ng/ml) 99 # 82 92 # 76 98 # 90 0.742
Table 3
Contrast-enhanced magnetic resonance imaging results
Variable Acute Phase TA 6-Mo Follow-up TA
No (n ¼ 50) Yes (n ¼ 38) p Value No (n¼ 50) Yes (n ¼ 38) p Value
Interval to scan (days) 0.657 0.423
Median 5.2 5.4 195 188
Range 3e7 3e8 171e215 166e204
Left ventricular end-diastolic volume (ml) 114 # 27 108 # 22 0.332 115 # 27 108 # 25 0.159
Left ventricular end-systolic volume (ml) 55 # 22 58 # 15 0.460 55 # 25 54 # 17 0.750
Change in left ventricular end-diastolic volume (%) — — — $0.3 # 16 $3.7 # 16 0.328
Change in left ventricular end systolic volume (>20%) — — — 4 (8.0) 2 (5.2) 0.298
Left ventricular mass (g) 13 # 2 144 # 35 0.103 131 # 19 141 # 36 0.201
Left ventricular ejection fraction 52 # 11% 50 # 10% 0.362 52 # 12% 49 # 10% 0.301
Infarct size transmurality 29 (58%) 18 (47%) 0.423 28 (56%) 18 (47%) 0.556
Infarct size (g) 37 # 21 22 # 11 0.001 29 # 19 17 # 10 0.005
Infarct size (%) 28 # 15 15 # 9 0.004 22 # 14 12 # 8 0.002
Microvascular obstruction 31 (62%) 19 (50%) 0.284 — — —
Early microvascular obstruction (g) 10.3 # 3.7 5.6 # 3.1 0.007 — — —
Early microvascular obstruction 7.6 # 2.1% 3.8 # 1.1% 0.003 — — —
Late microvascular obstruction (g) 5.4 # 2.9 2.1 # 0.9 0.007 — — —
Late microvascular obstruction 5.4 # 2.9% 2.1 # 0.6% 0.006 — — —
Data are presented as mean # SD, n (%).
Change in left ventricular end-diastolic volume ¼ (left ventricular end-diastolic volume $ left ventricular end-systolic volume)/left ventricular end-diastolic
volume.
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and/or stent implantation. The patients were divided into 2
groups. TA was considered effective if macroscopic aspirate
thrombus was visible to the naked eye in the dedicated ﬁlter
basket, and patients were assigned to the TA-positive group.
However, if the TA procedure did not retrieve visible
atherothrombotic material, the patients were assigned to the
TA-negative group. The pre- and postprimary percutaneous
coronary intervention Thrombolysis In Myocardial Infarc-
tion ﬂow, myocardial blush grade, and thrombus score were
estimated visually by 1 experienced observer (R.C.), as
previously described.13,15 All patients underwent 12-lead
electrocardiography at baseline and 90 minutes after revas-
cularization. ST-segment resolution was also measured.16
Standard therapy was prescribed after primary percutaneous
coronary intervention according to current guidelines.1
All CE-MRI studies were conducted at 3.0 ﬁeld strength
(Signa HD, General Electric Healthcare, Milwaukee, Wis-
consin) and performed in the acute phase and repeated at 6
months. Left ventricular function was assessed by electro-
cardiographic-gated cine steady-state free precession breath-
hold sequences in the 2-chamber and 4-chamber views and
the short cardiac axis from the base to the apex (30 phases/
cardiac cycle, repetition time 3.5 ms, echo time 1.2 ms, ﬂip
angle 45!, typical voxel size 1.92 " 1.25 " 8.0 mm).
CE-MRI was performed at 3 and 15minutes with a breath-
hold electrocardiographic-gated T1-weighted sequence after
the injection of a bolus of gadolinium (Dota-Gd, Guerbet,
Roissy, France) at a single dose of 0.1 mmol/kg (Echo time¼
minimum full, ﬁeld of view ¼ 440 mm, inversion time ¼
optimized to obtain an optimal myocardial nulling, matrix
256 " 224, interpolated 256 " 256, slice thickness ¼ 8 mm,
gap, 1 mm). The number and position of slices were the same
as used for functional imaging.
Image analysis was performed in a blinded fashion by 2
operators (R.C., P.P.) using an off-line dedicated worksta-
tion (General Electric Healthcare, Milwaukee, Wisconsin).
The left ventricular ejection fraction, end-diastolic and end-
systolic volumes, and mass were calculated from the steady-
state free precession short-axis views. The left ventricular
volume changes were assessed as the percentage of increase
or decrease in the left ventricular end-diastolic volume from
the baseline to 6-month follow-up examination in each
patient (percentage of change in left ventricular end-dia-
stolic volume). Left ventricular remodeling was deﬁned as
an increase in the percentage of change in the end-diastolic
volume >20%.17 Early and late MVO was assessed in the
initial CE-MRI study performed during the in-hospital stay.
IS was assessed from the same initial CE-MRI and at 6
months of follow-up. IS and MVO (if present) were
manually traced from the CE-MRI short-axis images.18
Myocardial regions were considered infarcted if the IS
signal intensity was >2 SDs above the remote myocardium.
The MVO was deﬁned as a dark zone within the infarcted
segments, usually located in the subendocardium (Figure 1).
Early MVO was estimated in the sequences at 3 minutes, as
previously described,19 and late MVO at 15 minutes. MVO
and IS are expressed in grams (assuming 1.05 g/ml as the
speciﬁc gravity of the myocardium) and as a percentage of
the left ventricular mass.
The primary end points were the relation between
effective TA and the presence and extent of early and late
MVO at the acute phase and IS as evaluated at the acute
phase and at 6 months. The secondary end points were the
association between positive TA and myocardial blush
grade, 90-minute ST-segment resolution, and left ventricular
remodeling.
Quantitative variables are presented as the mean $ SD
and were analyzed using a 2-tailed Student’s t test or Mann-
Whitney U test for non-normally distributed variables.
Categorical variables are expressed as the number and
percentage and were compared using the chi-square test or
Fisher’s exact test. The sample size was calculated as
follows: on the basis of an expected absolute difference
between groups of 5% in the ﬁnal IS, with a SD of 3%, at an
a risk of 5% and a b risk of 10%, 38 patients were needed to
be enrolled in each group. Univariate and multivariate
logistic regression analyses were used to identify the
predictors of effective TA and ﬁnal IS at 6 months. The
variables that were signiﬁcantly related to the primary end
point on univariate analysis (p <0.1) were included in the
multivariate model, and the results are expressed as odds
ratios (ORs), with 95% conﬁdence intervals (CIs). A p value
Figure 2. IS (A) and MVO (B) in group with effective (TA-positive) and
noneffective (TA-negative) thrombus aspiration.
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<0.05 was considered statistically signiﬁcant. Statistical
analyses were performed with SAS, version 9.2 (SAS
Institute, Cary, North Carolina).
Results
From January 2010 to July 2011, 256 patients were
admitted to our department because of STEMI. Of these 256
patients, 90 met the inclusion criteria and were screened for
the present study. Two patients refused the initial CE-MRI
because of severe claustrophobia and were thus excluded.
The remaining 88 patients were included in the present
study: 38 (43%) in the TA-positive group and 50 (57%) in
the TA-negative group.
The baseline clinical and preprocedural angiographic
characteristics of the study population are listed in Table 1.
The 2 groups were comparable in age, gender, and risk
factors of coronary disease. Six patients (7%) had diabetes
mellitus that was diagnosed after in-hospital admission. No
signiﬁcant difference was seen in the delay between the
onset of symptoms and urgent revascularization.
The infarct-related artery was the right coronary artery in
39%, left anterior descending artery in 34%, and left
circumﬂex artery in 15%. The right coronary artery was
signiﬁcantly more often responsible for infarction in the TA-
positive group, and the left circumﬂex artery was signiﬁ-
cantly less often the infarct-related artery in the same group.
The vessel diameter was different between the 2 groups and
was signiﬁcantly greater in the TA-positive group.
The postprocedural angiographic results are listed in
Table 2. The duration of revascularization did not differ
signiﬁcantly between the 2 groups. The post-stenting
minimum lumen diameter was wider in the TA-positive
group compared with the TA-negative group (p ¼ 0.003).
The rate of angiographic procedural success assessed by the
postprocedural Thrombolysis In Myocardial Infarction ﬂow
of 3 and myocardial blush grade of "2 was 94.3% and
94.6%, respectively, and did not differ between the 2
groups. Similarly, the 90-minute ST-segment resolution,
peak cardiac troponin level, administration of glycoprotein
IIb/IIIa inhibitors or bivalirudine, and the use of direct
stenting did not differ signiﬁcantly between the 2 groups.
The rate of intraprocedural complications was also similar.
The preprocedural clinical and angiographic parameters
were tested for their univariate and multivariate predictive
value for the success of thrombus retrieval after TA. The
variables included were preprocedural Thrombolysis In
Myocardial Infarction ﬂow grade, vessel reference diameter,
minimum lumen diameter, right coronary artery, and left
circumﬂex artery. On multivariate analysis, the signiﬁcant
predictors of successful thrombus retrieval were right
coronary artery and vessel reference diameter, with an OR
of 4.11 (95% CI 1.45 to 11.6, p ¼ 0.007) and 1.52 (95% CI
0.94 to 2.85, p ¼ 0.05), respectively.
The CE-MRI results are summarized in Table 3. Initial
and follow-up CE-MRI studies were available for all
patients. The median interval between STEMI presentation
and CE-MRI scans performed in the acute phase and at
follow-up were similar in the 2 groups. No difference in
acute phase left ventricular ejection fraction, volumes, or
mass was observed between the 2 groups. We found
a favorable, but not signiﬁcant, trend toward reduced left
ventricular remodeling in the TA-positive group.
Concerning the primary end points, the extent of early
and late MVO and IS in the acute phase was signiﬁcantly
lower in the TA-positive group than in the TA-negative
group (early MVO, p ¼ 0.003; late MVO, p ¼ 0.006; IS at
the acute phase, p ¼ 0.004). On the 6-month follow-up CE-
MRI study, the ﬁnal IS was also signiﬁcantly lower in the
TA-positive group (p ¼ 0.002; Figure 2). A reduction in
both MVO (both early and late) and IS (both acute phase
and at 6 months) was observed in both anterior and non-
anterior STEMI.
The variables included in the ﬁnal multivariate model to
identify the predictors of ﬁnal IS are listed in Table 4. The
independent predictors of ﬁnal IS were effective TA (OR
0.34, 95% CI 0.03 to 0.71, p ¼ 0.01), late MVO (OR 1.75,
95% CI 1.28 to 0.71, p ¼ 0.002), and IS assessed in the
acute phase (OR 2.06, 95% CI 1.87 to 3.32, p ¼ 0.001).
Discussion
The main ﬁnding of the present study was that effective
macroscopic thrombus retrieval before stenting during
primary percutaneous coronary intervention in selected
patients in the acute phase of STEMI with evidence of
a large thrombotic burden is associated with an improve-
ment in myocardial reperfusion. This was documented by
a clear reduction in the extent of early and late MVO and
decreased IS at the acute phase and the 6-month follow-up
Table 4
Univariate and multivariate logistic regression analyses identifying factors signiﬁcantly related to infarct size
Variable Univariate Analysis Multivariate Analysis
OR (95% CI) p Value OR (95% CI) p Value
Effective thrombus aspiration 0.26 (0.15e0.75) 0.0007 0.34 (0.03e0.71) 0.01
Infarct size in acute phase 2.23 (1.16e3.31) <0.0001 2.06 (1.87e3.32) 0.001
Presence of microvascular obstruction 7.14 (3.03e16.78) <0.0001 — —
Early microvascular obstruction 1.37 (1.16e1.60) 0.0001 — —
Late microvascular obstruction 1.79 (1.32e2.41) <0.0001 1.75 (1.28e2.38) 0.002
Cardiac troponin peak 1.01 (1.0e1.02) 0.005 — —
Right infarct-related artery 0.33 (0.15e0.73) 0.006 — —
Left anterior descending infarct-related artery 2.11 (0.94e4.71) 0.068
Total ischemic time (min) 0.99 (0.98e1.00) 0.059 — —
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point, as assessed by CE-MRI. In addition, effective TA
represents 1 of the most powerful predictors of ﬁnal IS
identiﬁed on multivariate analysis.
It has been established by 2 randomized trials9,10 and 2
meta-analyses7,8 that manual TA as adjunctive therapy during
primary percutaneous coronary intervention improves the
clinical outcome after STEMI. In the TAPAS, the largest
randomized study currently available, the rate of all-cause
death at 1 year was signiﬁcantly reduced after TA (4.7%)
compared to conventional primary percutaneous coronary
intervention (7.6%; hazard ratio 1.67, 95% CI 1.02 to 2.75,
p ¼ 0.042).10
In the TAPAS, TA allowed thrombus retrieval in 72.9%
after histopathologic analysis and 53% macroscopically.5 In
contrast, very few speciﬁc data exist to date in this area
regarding the effect of successful, visually observable
aspirate thrombotic material after TA in primary percuta-
neous coronary intervention for STEMI. Only 1 non-
randomized study to date has reported that survival at 1 year
was not inﬂuenced by positive TA (hazard ratio 0.98, 95%
CI 0.49 to 1.95, p ¼ 0.95).11 However, several different
manual TA devices were used, and the performance levels
of these devices have been reported to be heterogeneous.11
An increase in ﬁnal IS has been reported with 1 of the
devices used.20,21 The catheter used in our study was the
same as that used in the TAPAS5,10 and the thrombectomy
with export catheter in infarct-related artery during primary
percutaneous coronary intervention (EXPIRA)9 trial, both of
which demonstrated a reduction in mortality.
CE-MRI is a noninvasive, high-resolution imaging
modality that identiﬁes myocyte necrosis and microvascular
injury and currently represents the reference standard for the
quantiﬁcation of MVO and IS.18 It was used in 2 earlier
studies comparing the effect of TA and conventional primary
percutaneous coronary intervention, but the results were
conﬂicting. A CE-MRI substudy of the EXPIRA trial re-
ported infarct shrinkage at 3 months after TA in 75 selected
patients with anterior STEMI.6 However, Stone et al22
recently reported a similar IS between groups in a compa-
rable anterior STEMI population in the Intracoronary
Abciximab Infusion and Aspiration Thrombectomy in
Patients Undergoing Percutaneous Coronary Intervention for
Anterior ST-Segment Elevation Myocardial Infarction
(INFUSE-AMI) trial. In our study, we observed a reduction
in the extent of both MVO and IS, despite including both
anterior and nonanterior STEMI. Among the nonanterior
infarctions, a low rate of left circumﬂex artery STEMI met
the inclusion criteria (14.7%). In accordance with our study
design, patients were only enrolled if the coronary anatomy
was amenable to TA. It has been shown that when the left
circumﬂex artery is the infarct-related artery, passage of the
aspiration catheter across the lesion is often unsuccessful,
mainly because of proximal tortuosity.11 Furthermore, in our
selected population, factors related to effective thrombus
retrieval included wide vessel diameter and right coronary
artery, and these results are in line with those reported by
Vink et al11 in a large, unselected population.
The extent of both early and late MVO was greater in the
TA-negative group. Effective thrombus retrieval probably
represents the main cause of these ﬁndings, but it is none-
theless possible that fragmentation and embolization of the
thrombus in the culprit lesion occurred before TA. This
hypothesis might be supported by the ﬁnding that in the TA-
negative group, epicardial ﬂow before primary percutaneous
coronary intervention was more often already restored, with
36% Thrombolysis In Myocardial Infarction ﬂow grade 3
versus 10% in the TA-positive group (p ¼ 0.04).
Surprisingly, late MVO, analyzed at 15 minutes after
injection of gadolinium, represented an independent
predictor of ﬁnal IS, but early MVO, measured at 3 minutes,
was not a predictor. No deﬁnite consensus has yet been
reached as to whether it is preferable to measure MVO
earlier or later. On the one hand, the spatial extent and
location of early MVO correlates closely with the histo-
pathologic analysis ﬁndings and is also an independent
prognostic indicator of adverse events, even after normali-
zation of IS.23e25 On the other hand, however, recent
studies have suggested that late MVO “better predicts left
ventricular remodeling” than early MVO, providing addi-
tional prognostic information beyond that of IS.26,27
In addition, in our study, surrogate markers of myocar-
dial reperfusion (i.e., 90-minute ST-segment resolution and
myocardial blush grade) were similar between the 2 groups
and were not inﬂuenced by effective thrombus retrieval.
These parameters have been reported to be strongly asso-
ciated with death and major adverse cardiac events after
reperfusion therapy15,16 but are indirect indexes. In this
context, CE-MRI currently represents the most powerful and
accurate tool to assess directly myocardial reperfusion and is
closely related to clinical events.18
Finally, we did not observe signiﬁcant left ventricular
remodeling at 6 months, although IS and extent of MVO
have been demonstrated to be linked to postinfarct left
ventricular dilation and remodeling.17 We observed only
a trend toward a reduction in left ventricular remodeling in
the TA-positive group, which did not reach statistical
signiﬁcance. However, in our study population, IS was
relatively small; prompt revascularization, selected patients
with both anterior and nonanterior STEMI, and the use of
the state-of-the-art pharmacologic therapy could partially
account for this.
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Summary
Background. — Acute coronary syndrome (ACS) with normal coronary angiography is a frequent
clinical situation with an uncertain prognosis. Cardiac magnetic resonance imaging (CMRI) is a
powerful tool for differential diagnosis between myocardial infarction (MI), acute myocarditis
and Tako-tsubo cardiomyopathy (TTC). Data are sparse regarding the evolution of patients
presenting an ACS with normal coronary arteries and normal CMRI.
Aims. — To evaluate the evolution of patients presenting an ACS with normal coronary arteries
and normal CMRI, with a 1-year follow-up.
Methods. — Eighty-seven consecutive patients (mean age, 53 years; 40.2% men) presenting an
ACS with troponin elevation and normal coronary arteries by angiography were prospectively
included. All patients underwent CMRI at 3-Tesla. Adverse events were recorded with 1-year
follow-up.
Abbreviations: ACS, acute coronary syndrome; AMI, acute myocardial infarction; CMRI, cardiac magnetic resonance imaging; cTnI,
cardiac troponin I; ECG, electrocardiogram; LGE, late gadolinium enhancement; LV, left ventricular; LVEDI, left ventricular end-diastolic
volume index; LVEF, left ventricular ejection fraction; LVESI, left ventricular end-systolic volume index; PE, pulmonary embolism; TTC,
Tako-tsubo cardiomyopathy; TTE, transthoracic echocardiography.
∗ Corresponding author. Fax: +33 3 81 66 85 82.
E-mail address: rchopard@chu-besancon.fr (R. Chopard).
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Results. — A likely aetiology for the acute clinical presentation was established by CMRI in 63.2%
of patients (22.7% MI, 26.4% acute myocarditis, 11.5% TTC). During follow-up, one patient in
the MI group had a stroke (1.2%). In the myocarditis group, there was one initial cardiogenic
shock, one episode of congestive heart failure (1.2%) and nine patients had recurrent chest pain
without troponin elevation (10.3%). Two TTC group patients initially presented with cardiogenic
shock (2.4%); there were no other adverse events in this group during follow-up. In the remaining
36.7% patients, no clear diagnosis could be identified by CMRI, and no adverse events occurred
during follow-up.
Conclusion. — CMRI is a useful tool for the management of ACS presenting with normal coronary
angiography, as it helps to ascertain the diagnosis and adapt treatment in a large proportion
of cases. Nonetheless, patients with no abnormalities identified by CMRI have an excellent
evolution.
© 2011 Published by Elsevier Masson SAS.
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Résumé
Objectifs. — Le syndrome coronaire aigu (SCA) avec des artères coronaires angiographiquement
normales est une situation clinique fréquente mais avec un pronostic incertain. L’IRM cardiaque
est un examen performant pour le diagnostic différentiel entre l’infarctus du myocarde (IDM),
la myocardite aiguë et le syndrome de Tako-tsubo. Peu de données sont disponibles concernant
l’évolution des SCA à coronaires normales et IRM cardiaque normale.
Méthode. — Quatre-vingt sept patients (âge moyen : 53 ans, 40,2 % d’hommes) présentant un
SCA avec augmentation de la troponine et des artères angiographiquement normales ont été
prospectivement inclus. Tous les patients ont bénéficié d’une IRM cardiaque à 3-Tesla et les
évènements indésirables étaient recensés avec un suivi d’un ans.
Résultats. — Un diagnostic étiologique a été établi par l’IRM chez 63,2 % des patients (22,7 %
avaient un IDM, 26,4 % une myocardite aiguë, 11,5 % un Tako-tsubo). Au cours du suivi, un patient
du groupe IDM a présenté un accident vasculaire cérébral (1,2 %). Dans le groupe myocardite
aiguë, il a été retrouvé un état de choc cardiogénique initial, un épisode de décompensation
cardiaque et neuf patients ont présenté des récidives douloureuses thoraciques sans augmen-
tation de la troponine (10,3 %). Deux patients du groupe Tako-tsubo présentaient initialement
un état de choc cardiogénique, puis il n’a été noté aucun autre évènement indésirable au cours
du suivi dans ce groupe. Finalement, pour les 36,7 % des patients restant, chez qui l’IRM ne per-
mettait pas de poser un diagnostic final, aucun évènement indésirable n’ait survenu au cours
du suivi d’un ans.
Conclusion. — L’IRM cardiaque est un examen performant pour la prise en charge des SCA à
coronaires angiographiquement normales qui permet d’affirmer un diagnostic et ainsi d’adapter
les thérapeutiques dans une large proportion de cas. Par ailleurs, les patients qui ne présentent
pas d’anomalie à l’IRM on une excellente évolution.
© 2011 Publie´ par Elsevier Masson SAS.
Introduction
Acute coronary syndromes (ACS) are one of the leading
causes of death andmorbidity in industrialized countries [1].
Typical presentation includes acute chest pain and cardiac
troponin I (cTnI) elevation, possibly associated with elec-
trocardiogram (ECG) abnormalities. Subsequent coronary
angiography usually reveals flow-limiting epicardial stenoses
[2]. However, coronary angiography can be normal in 1 to
12% of cases, depending on the definition of ‘‘normal’’ coro-
nary arteries [3—5].
Differential diagnosis can thus be challenging and
possible diagnoses include acute myocardial infarction
(AMI), generally limited to the subendocardial territory
[6], and two non-ischemic myocardial diseases, namely
acute myocarditis [7] and transient apical ballooning syn-
drome, also known as Tako-tsubo cardiomyopathy (TTC)
[8].
Cardiac magnetic resonance imaging (CMRI) is a highly
sensitive noninvasive technique for detecting myocardial
damage in ischemic [9] and non-ischemic cardiac disease,
including acute myocarditis [10] and TTC [11].
Management strategy and follow-up can be thus adapted
secondarily, further to the results of CMRI, with the initiation
of secondary prevention treatment, including antiplatelet
therapy, when CMRI confirms a diagnosis of AMI [2]. How-
ever, Assomull et al. demonstrated that CMRI can identify
the basis for cTnI elevation in only 65% of patients pre-
senting ACS symptoms and unobstructed coronary arteries
[12]. Moreover, the evolution of this clinical situation, usu-
ally reported in the past as uniformly benign [4,13], might
in fact be less favourable, with one recent study reporting
a significantly high rate of death and major adverse events
[5].
In this context, the aim of this study was to evaluate
the evolution of patients presenting with ACS and normal
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coronary arteries and normal CMRI, with a follow-up of 1
year. For CMRI evaluation, the latest technology available in
clinical practice was used with a high field of Tesla.
Methods
Study population
Patients with clinical suspicion of ACS (ST-segment elevation
myocardial infarction or non-ST-segment elevation ACS) and
with strictly normal coronary arteries on coronary angiog-
raphy were prospectively recruited in this observational
study. Inclusion criteria were defined as: the associa-
tion of new onset chest pain present at rest, lasting for
longer than 30minutes; elevated cTnI; and normal coronary
angiography, performed no later than 72 hours after admis-
sion and reviewed by two experienced observers. Other
initial investigations and searches for alternative causes
of cTnI elevation, systematically including transthoracic
echocardiography (TTE), had proved diagnostically incon-
clusive. Intracoronary methylergonovine testing was also
systematically performed during angiography to exclude
coronary vasospasm. Exclusion criteria included prior history
of cardiovascular disease, previous coronary intervention,
high Framingham risk score (10-year risk greater than
10%) and standard CMRI contraindications. Patients pre-
senting with cardiac rhythm disorders, such as atrial
fibrillation, which could explain cTnI elevation, were also
excluded.
Data collected included baseline characteristics, medica-
tion at admission and ECG abnormalities using the Minnesota
code [14]. Daily blood samples were obtained to assess
peak cTnI, lipid profile, inflammatory markers including
C-reactive protein, B-type natriuretic peptide, glycaemia
and creatinine concentration to evaluate glomerular filtra-
tion rate. The threshold used in the core laboratory to
define a positive cTnI was 0.15 ng/mL and cTnI assessment
was performed every 6 hours until peak concentrations were
reached. Framingham [15] and Global Registry of Acute
Coronary Events (GRACE) [16] risk scores were calculated for
each patient to evaluate long- and short-term risk of death.
Myocardial tissue biopsy was not envisaged to establish a
diagnosis.
All patients initially received standard medical therapy
for ACS, including antiplatelet therapy, statins, angiotensin-
converting enzyme inhibitors and beta-blockers, according
to international guidelines [2,17]. Treatment strategy
was subsequently adjusted according to the results of
CMRI. In case of myocarditis, anti-inflammatory ther-
apy was initiated if chest pain indicative of associated
pericardial reaction persisted. For TTC, treatment was
initiated at the physician’s discretion, combining an
inhibitor of the renin-angiotensin system with beta-
blocker therapy. If CMRI was normal, all therapy was
stopped.
Cardiac magnetic resonance imaging
CMRI scans were performed during hospital stay or within
3 weeks of initial presentation and repeated at 3 months
in case of suspected TTC to evaluate improvement in left
ventricular (LV) function. CMRI studies were conducted at
3.0 field strength (General Electric Healthcare Company,
Signa HD, Milwaukee, WI, USA) with a standard 40mT/m
gradient, using an eight-element phased array surface coil.
Left ventricular function was assessed by ECG-gated cine
steady-state free precession (SSFP) breath-hold sequences
in the two-chamber and four-chamber views as well as in
the short cardiac axis from base to apex (30 phases per car-
diac cycle; repetition time, 3.5ms; echo time, 1.2ms; flip
angle, 45◦; typical voxel size, 1.92× 1.25× 8.0mm) [18].
T2-weighted images (triple inversion recovery; TE, 60ms;
TR, 2×R-R interval; TI, 170ms; slice thickness, 7mm; flip
angle, 180◦; pixel size, 2.3× 1.3mm) were acquired in
the short-axis plane. First-pass perfusion imaging was per-
formed using a T1-weighted fast gradient echo sequence
(FGRE TR/TE = 3.5ms/1.5ms) with a notched saturation
pulse, after the injection of a bolus of gadolinium (Dota-
Gd; Guerbet, Roissy, France) in a brachial vein at a single
dose of 0.2mL/kg (0.1mmol/kg). The field of view was
400mm and the matrix size was 256× 224 interpolated to
256× 256. The heart was imaged in the short-axis plane
with four to six slices, 8mm thick with a gap of 1mm. One
image per slice was acquired every two cardiac cycles, lead-
ing to a temporal resolution of 2 R-R per imaging plane.
Forty frames were obtained from each imaged plane within
80 R-R. For late gadolinium enhancement (LGE) imaging at
3 and 15minutes, a breath-hold ECG-gated T1-weighted
sequence was used (TE =MinFull; field of view, 440mm; TI
optimised to obtain optimal myocardial nulling; matrix size,
256× 224 interpolated to 256× 256; slice thickness, 8mm;
gap, 1mm) [19]. The number and position of the slices
were the same as used for the perfusion first-pass imag-
ing.
Offline image analysis was performed on a dedicated
workstation (General Electric Healthcare Company, Milwau-
kee, WI, USA). The endocardial border was drawn manually
on each dynamic image. Left ventricular ejection fraction
(LVEF), end-diastolic and end-systolic volume indexes (LVEDI
and LVESI, respectively) and LV mass index were calculated
from the short-axis view [20]. Qualitative interpretation of
CMRI scans was performed by two reviewers by consensus.
Readers were blinded to the clinical situation. The portion
of the heart exhibiting late enhancement and/or T2 high
signal intensity was classified according to the segmenta-
tion established by the American Heart Association, which
divides the left ventricle into 17 segments [21]. LGE images
and corresponding T2-weighted images were assessed for
subendocardial signal abnormalities in the distribution of
a coronary artery, compatible with AMI [9]. Diagnosis of
acute myocarditis was made according to criteria previously
described by Friederich et al. with detection of oedema
in T2-weighted images, hyperaemia and capillary leakage
in myocardial early (3minutes) gadolinium enhancement
sequences and necrosis or fibrosis in LGE images detected in
the midwall/subepicardial regions [10]. TTC was suspected
on initial CMRI if there were no signs of delayed enhance-
ment, T2 signal intensity and LV dysfunction, especially with
mid/apical ballooning; TTC was confirmed by complete nor-
malization of LVEF on the follow-up CMRI at 3 months. Scans
with volumes and function within the normal range, with no
LGE and T2 signal intensity abnormalities were considered
normal by CMRI.
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Outcomes
The subsequent progress of patients was assessed by tele-
phone contact at 1, 3, 6 and 12 months. In case of clinical
events, these were confirmed by hospital records or contact
with the general practitioner. Clinical endpoints evalu-
ated were death, recurrent ACS, congestive heart failure,
stroke and recurrence of chest pain without cTnI eleva-
tion.
Statistical analysis
Continuous data are expressed as mean± standard devia-
tion. Baseline characteristics were compared between the
diagnostic CMRI group and the group in which CMRI was
judged to be normal, using an independent sample t test
and the Chi2 test for categorical variables, as appropri-
ate. All tests were two sided. A P value of less 0.05
was considered statistically significant. All statistical anal-
yses were performed using MedCalc© (Mariakerke, Ghent,
Belgium).
Results
Baseline characteristics
Among a total of 1687 patients admitted to our institution for
ACS between January 2008 and September 2009, 87 (5.1%)
had a normal coronary angiogram and met the inclusion cri-
teria. Baseline characteristics are summarized in Table 1.
The mean age was 53± 18.5 years and 59.8% were women
(n = 52). No patient had pre-existing renal impairment, prior
exposure to cardiotoxic drugs or prior chemotherapy. At the
time of cTnI evaluation, no patient had symptoms suggestive
of alternative cause of cTnI elevation, such as septicaemia,
stroke, renal insufficiency, pulmonary embolism (PE) or aor-
tic dissection. Eight patients (9.2%) described psychological
stress before clinical presentation. The prevalence of car-
diovascular risk factors and primary prevention therapy
was moderate. No patient underwent thrombolytic therapy.
Sixty-nine (75.8%) patients had an abnormal ECG on pre-
sentation. ST-segment depression was the most commonly
detected abnormality (59.4%), followed by T wave changes
(26.5%). One patient presented left bundle branch block
(1.1%) and none had supraventricular or ventricular tachy-
cardia. No patient with ST-segment elevation was eligible
for inclusion. No criteria of right ventricle overload indica-
tive of PE with cTnI elevation were found in the initial TTE
and 32 patients (36.8%) underwent further investigation by
CT pulmonary angiography (n = 22) and ventilation perfusion
isotope scans, which did not show evidence of embolism in
any patient.
Cardiac magnetic resonance imaging
The median time from presentation of ACS to CMRI was
10.3 days (range 5—22 days). One scan was repeated
because the quality was suboptimal. Thus, complete CMRI
images were available for all patients. CMRI dimensions
were 86.7± 24.7mL/m2 for LVEDI and 41.7± 14.5mL/m2 for
LVESI. LV mass index was 86.4± 18.6 g/m2 and LVEF was
Table 1 Baseline characteristics.
Characteristics Value (n = 87)
Age (years) 53± 18.5
Men 35 (40.2)
History of smoking 35 (40.2)
Hypertension 28 (32.2)
Dyslipidaemia 30 (34.5)
Diabetes mellitus 8 (9.2)
Obesity (body mass index > 30) 10 (11.5)
Family history of ischemic heart
disease
30 (34.5)
Peak cardiac troponin I 9.3± 10.91
Peak C-reactive protein (mg/L) 12.3± 7.6
Leukocytes (g/L) 8.5± 3.75
Fibrinogen (g/L) 4.0± 1.41
Glomerular filtration rate
(mL/minute)
87.7± 30.4
Glycaemia (g/L) 1.09± 0.66
Framingham risk score 6.82± 7.46
GRACE risk score 104.67± 27.03
Medications on admission
Antiplatelet therapy 2 (2.3)
Statins 27 (31)
Angiotensin-converting
enzyme inhibitor/angiotensin
II blocker
16 (18.4)
Beta-blocker 8 (9.2)
Patient thrombolysed 0
Data are mean± standard deviation or number (%).
65.1± 13.6%. The diagnoses determined by CMRI are sum-
marized in Table 2. CMRI provided a diagnosis in 55 patients
(63.2%).
CMRI revealed subendocardial or transmural T2 high
signal area and corresponding LGE in the distribution of
coronary artery compatible with AMI in 22 patients (22.7%)
(Fig. 1). CMRI suggestive of AMI was located in the ante-
rior wall in two cases (9.1%), in the lateral wall in eight
cases (36.6%) and in the inferior wall in 12 cases (54.4%). LGE
was transmural for four patients. A diagnosis of myocardi-
tis was established in 23 patients (26.4%) by gadolinium
enhancement and T2-weighted sequences (Fig. 1). The most
common midwall/epicardial high signal intensity areas were
found in the lateral wall (15 patients; 65.2%). All patients
had evidence of acute inflammation with increased mid-
wall/epicardial T2 signal intensity.
A diagnosis of TTC was confirmed in ten patients
(11.5%) with normalization of LV systolic function at 3
months (Fig. 2). In three patients (3.8%), LVEF at 3
months was estimated by TTE as CMRI was not available.
We observed high signal intensity areas with T2-weighted
imaging being suggestive of myocardial oedema in four
patients.
In the 32 remaining patients (36.7%), there was no
detectable myocardial necrosis or inflammation and left
ventricular function was normal and no new diagnosis was
made.
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Table 2 Cardiac magnetic resonance imaging diagnosis.
CMRI diagnosis Assomull
et al. [12]
n (%)
Current study
n (%)
1-year follow-up adverse
events, current study
Myocardial infarction 7 (11.6) 22 (22.7) One stroke (1.2%)
Myocarditis 30 (50.0) 23 (26.4) One cardiogenic shock (1.2%);
one congestive heart failure
(1.2%); nine recurrences of
chest pains (10.3%)
TTC 1 (1.7) 10 (11.5) Two cardiogenic shocks (2.4%)
Normal CMRI 21 (35.0) 32 (36.7) None
CMRI: cardiac magnetic resonance imaging; TTC: Tako-tsubo cardiomyopathy.
Normal versus abnormal cardiac magnetic
resonance imaging
There was no significant difference in baseline charac-
teristics such as age, sex, cardiovascular risk factors or
risk scores between the groups with and without CMRI
abnormalities. As regards biological markers, only cTnI ele-
vation was significantly lower in the normal CMRI group
(3.48± 4.3 vs 11.86± 11.99mg/L, P = 0.0028). ECG findings
were also similar in both groups. CMRI LV dimensions and
function as well as time to CMRI did not differ between
groups (Table 3).
Figure 1. Cardiac magnetic resonance with late gadolinium enhancement imaging in acute myocarditis (A and B) and in acute myocardial
infarction (C and D). Typical pattern of acute myocarditis with patchy mid-wall delayed enhancements localized in the lateral wall (arrows);
short-axis (A) and four-chamber (B) views. Transmural delayed enhancement in the inferior wall suggestive of myocardial infarction (arrows);
black regions within the white areas of late enhancement corresponding to persistent microvascular obstruction (arrows); short-axis (C) and
four-chamber (D) views.
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Figure 2. Serial late gadolinium enhancement cardiac magnetic resonance imaging in Tako-tsubo cardiomyopathy. Images acquired
at baseline scanning demonstrate apical hypokinesia (A and B) in the absence of late gadolinium enhancement (C). A repeat scan 3
months later shows complete normalization of left ventricular function (D and E) with no late gadolinium enhancement detectable
(F).
Follow-up
Follow-up information was available for all patients. No
new or alternative diagnosis was made for any patient
during follow-up. One-year follow-up adverse events are
summarized in Table 2. No death or recurrent ACS was
observed during follow-up. Three patients (3.5%) had car-
diogenic shock at admission. For one patient, CMRI provided
the diagnosis of acute myocarditis and for the two oth-
ers, the diagnosis of TTC was made. Two (2.4%) patients
were rehospitalized during follow-up: one for stroke (1.2%),
in whom AMI had been diagnosed on initial CMRI, and one
for congestive heart failure at 3 months, after an ini-
tial diagnosis of myocarditis with alteration of LV systolic
function. Nine patients (10.3%) from the myocarditis group
presented recurrent chest pain during follow-up, without
Table 3 Cardiac magnetic resonance imaging variables in normal and abnormal groups.
CMRI variable Normal(n = 32) Abnormal(n = 55) P
LVEDI (mL/m2) 85.5 ± 16.3 89.6 ± 18.4 0.35
LVESI (mL/m2) 39.5 ± 14.5 44.6 ± 12.5 0.22
LV mass index (g/m2) 79 ± 23.7 84.7 ± 14.7 0.19
LVEF (%) 65.7 ± 10.7 58.4 ± 9.2 0.16
Interval to scan (days) 7 (1—18) 9 (4—22) 0.84
Data are mean ± standard deviation or median (range). CMRI: cardiac magnetic resonance imaging; LV: left ventricular; LVEDI: left
ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVESI: left ventricular end-systolic volume index.
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rehospitalization or cTnI elevation. Among the patients with
normal CMRI (n = 32), no adverse events were observed dur-
ing follow-up.
Discussion
Elevated cTnI concentration reflects with good sensitivity
and specificity the existence of myocardial necrosis [22].
Nevertheless, there are a number of other causes of ele-
vated cTnI in the absence of coronary artery disease, as
recently summarized by Jeremias et al. [23], including car-
diac arrhythmia and non-cardiac causes such as PE, sepsis
or systemic inflammatory response syndrome, renal fail-
ure and neurological disorders. In our study, we excluded
patients with any non-cardiac diseases that could interfere
with cTnI concentration. In particular, no patient presented
criteria of right ventricular overload evocative of PE, with
cTnI elevation at initial TTE. Indeed, we performed further
investigations in 36.8% of patients to exclude a diagnosis of
PE. However, there is always the possibility that an episode
of rapid cardiac rhythm disorder, undetected at admission
or during follow-up, may have caused the elevation of cTnI.
Furthermore, we retained only three possible aetiologies
that could explain a clinical presentation associating acute
chest pain, elevated cTnI and normal coronary angiography,
namely AMI [24], acute myocarditis [7] and TTC [8].
AMI with normal coronary angiography is a common
clinical situation and several different pathophysiological
mechanisms have been proposed. Firstly, coronary angiog-
raphy suffers limitations as a diagnostic technique due to its
spatial resolution, which is limited to 200mm, and the fact
that only arterial patency can be judged, without providing
much information on the arterial wall. However, most ACSs
derive from atheroma causing less than 50% diameter steno-
sis, which occurs more frequently than tighter stenoses [25].
Vulnerable plaques that give rise to ACS present a positive
remodelling effect, with expansion towards the outer layer
of the vessel rather than towards the lumen [26]. In AMI
with normal coronary arteries, rupture or erosion of a vul-
nerable plaque can occur, causing transitory occlusion that
resolves spontaneously, without leaving any residual visible
intracoronary lesion [27]. The simultaneous use of coronary
angiography and invasive catheter-based techniques, such
as intravascular ultrasound or optical coherence tomogra-
phy, could make it possible to establish an ischemic cause
of ACS with normal coronary arteries, by identifying, for
example, thrombus or vulnerable plaque with rupture of
a thin-cap fibroatheroma [28,29]. However, these imaging
techniques do not investigate distal vessels or small-calibre
side branches. Furthermore, other mechanisms can also,
albeit more rarely, give rise either separately or in com-
bination, to distal embolisation [30], coronary vasospasm
[31], inflammation [32] or coronary dissection [33]. It is now
well established that acute myocarditis can mimic ACS [7],
with elevation of cTnI in up to 49% of cases [34]. The most
common aetiology of myocardial inflammation is viral infec-
tion, mainly involving adenoviruses and enteroviruses [35].
The clinical presentation of TTC is also practically indis-
tinguishable from that of ACS, but with normal coronary
angiography and initial transient LV dysfunction. The role of
catecholamine-induced myocardial stunning or multivessel
epicardial or microvascular spasm have been previously
been suggested as possible causes of TTC [36].
Thus, establishing an accurate diagnosis in the presence
of ACS with normal coronary arteries is of paramount impor-
tant, particularly so that management can be appropriately
adjusted. Patients with confirmed AMI need long-term
follow-up and secondary prevention treatment [2]. CMRI is
increasingly used to diagnose ischemic heart disease and can
provide non-invasive evaluation of myocardial wall motion,
global function, perfusion and viability [9]. T2-weighted
and LGE sequences are currently considered as the gold
standard for in vivo detection of scarring associated with
myocardial infarction [37], as well as for identifying other
non-ischemic conditions, including myocarditis [10]. In case
of TTC, CMRI can identify transient LV dysfunction on cine
sequences, without any visible myocardial injury after injec-
tion of gadolinium [38].
CMRI is thus a useful noninvasive imaging tool that makes
it possible to identify aetiology of ACS with normal coronary
arteries in up to 65% of cases, as reported by Assomull et al.
[12]. In our study, a diagnosis was established in 63.2% of
cases, which is very similar to the rate observed in previous
reports, as shown in Table 2. In our study, CMRI brought to
light mainly myocarditis (26.4%), AMI (22.7%) and, to a lesser
extent, TTC (11.7%). Most importantly, CMRI was normal and
led to no definitive diagnosis being established in almost one
third of patients, as in the study by Assomull et al., even
with the use of high field 3-Tesla CMRI, which theoretically
increases spatial resolution [39]. To the best of our knowl-
edge, the current study was the first to assess myocardial
injury in case of ACS with normal coronary angiography by
using this new technology, but it does not appear to improve
diagnostic accuracy. In our study, as reported elsewhere,
the cTnI concentration was significantly lower in the group
of patients with normal CMRI compared with in those with
pathological CMRI (3.48± 4.3mg/L vs 11.86± 11.99mg/L,
P = 0.0028 in the current study). We hypothesize that in the
group with normal CMRI, the myocardial injury, known to be
correlated with cTnI [40], was probably too limited to be
detected by CMRI at 1.5- or 3-Tesla, due to the limited spa-
tial resolution with partial volume effects. It is noteworthy
that a delayed contrast-enhanced cardiac computed tomog-
raphy scan is also able to provide detailed information on
myocardial tissue characteristics associated with myocar-
dial infarction and myocarditis, with less contrast resolution
than CMRI [41], and could be used in the clinical situation
of ACS with normal coronary arteries.
Until recently, the prognosis of patients with ACS and
normal coronary arteries was considered to be excellent,
on the basis of several small studies showing a low recur-
rence rate of ACS and a high 10-year survival rate [4,5].
However, a more recent study that included 9796 patients
with ACS undergoing coronary angiography showed a less
favourable outcome [5]. In this study, patients with strictly
normal angiograms (n = 273) were found to have a mortal-
ity of 1.8% at 30 days and of 4.0% at 1 year. However, to
date, no study has used CMRI to distinguish between the
possible aetiologies of ACS in this population or to evalu-
ate prognosis. In general, patients with myocarditis seem to
have favourable evolution and in most cases, early normal-
ization of echocardiography and ECG variables, laboratory
values and functional status is observed, although up to 13%
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of patients reported atypical non-limited chest discomfort
[42]. In TTC, the evolution is, again, generally favourable,
with a 4-year survival that was not different from that of an
age- and sex-matched population in one angiographic study
[43]. Eitel et al. also failed to observe any major adverse
events after a median follow-up of 3.3 months in patients
with a diagnosis of TTC established by MRI [44]. The greatest
risk exists during the initial phase, when complications such
as ventricular arrhythmia or cardiogenic shock can be life
threatening [43]. In our study, we observed 5.7% of major
adverse cardiac events, with one stroke in the AMI group,
one episode of congestive heart failure and three initial car-
diogenic shocks but no death during the 1 year of follow-up.
Furthermore, there was no adverse event in the group of
patients who had normal coronary angiography and normal
CMRI. Thus, it would appear that evolution in this population
could be excellent and therapeutic strategy and follow-up
could be secondarily adapted. A further study with a larger
sample size and longer follow-up is necessary to provide
confirmation of the positive tendency observed in our study.
Conclusion
CMRI is a useful tool for the management of ACS presenting
with normal coronary angiography, as it helps to ascertain
diagnosis and adapt treatment in a large proportion of cases.
Nonetheless, patients with no abnormalities identified by
CMRI have an excellent evolution.
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Microvascular obstruction assessed by 3-tesla
magnetic resonance imaging in acute myocardial
infarction is correlated with plasma troponin I
levels
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Abstract
Background: Microvascular obstruction (MVO) at the acute phase of myocardial infarction (MI) is associated with
poor prognosis. We aimed to evaluate the correlation between plasma cardiac troponin I (cTnI) at the acute phase
of MI and extent of no-reflow, as assessed by 3-T cardiac magnetic resonance imaging (MRI). Secondly, we defined
a cut-off value for cTnI predictive of no-reflow.
Methods: 51 consecutive patients with no previous history of cardiovascular disease, presenting ST elevation MI
within <12 h. Infarct size and extent of no-reflow were evaluated by 3-T MRI at day 5. Extent of no-reflow at 15
minutes (MVO) was correlated with cTnI at admission, 6, 12, 24, 48 and 72 hours. At 6 months, MRI was performed
to evaluate the impact of MVO on LV remodeling.
Results: MVO was diagnosed in 29 patients (57%). Extent of MVO was significantly correlated to peak troponin, cTnI
(except admission values) and area under the curve. Using Receiver-operating characteristic (ROC) curve analysis, a
cut-off cTnI value >89 ng/mL at 12 h seemed to best predict presence of early MVO (sensitivity 63%, specificity
88%). At 6 months, MVO was associated with left ventricular (LV) remodeling, resulting in higher LV volumes.
Conclusion: There is a relationship between cTnI at the acute phase of AMI and extent of MVO as assessed by 3-T
cardiac MRI. A cut-off cTnI value of 89 ng/mL at 12 h seems to best predict presence of MVO, which contributes to
LV remodeling.
Keywords: Myocardial infarction, MRI, Troponin, Microvascular obstruction
Background
In acute ST-segment-elevation myocardial infarction
(STEMI), primary percutaneous coronary intervention is
the treatment of choice to restore myocardial revas-
cularization and minimize ischemic damage to the myo-
cardium [1]. Several studies have demonstrated that
microvascular dysfunction after infarct-related artery re-
vascularization is associated with myocardial reperfusion
injury, resulting in greater infarct size [2-10], left ventricu-
lar impairment [3-5,7,11-17], recurrent MI [2-4,14], heart
failure [2-4,12,14] and higher mortality [2-5,12,14,18,19].
In addition, microvascular dysfunction has a nega-
tive prognostic value, irrespective of infarct size [3].
Magnetic Resonance Imaging (MRI) is not systematically
performed in routine practice, and it would thus be useful
if there was a more accessible prognostic marker that
could identify patients with microvascular obstruction
(MVO). Cardiac troponin levels correlate well with in-
farct size [20] and are of prognostic value in the
short and long term [21].
The aim of our study was to evaluate the relationship
between plasma levels of cardiac troponin I (cTnI) and
microvascular obstruction (MVO) as assessed by mag-
netic resonance imaging (MRI) at day 5, and to define a
cut-off value for cTnI that predicts MVO.
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Methods
Study population
This study was a prospective single-center study. Pa-
tients < 75 years old referred to our department for a first
ST elevation MI (STEMI) and admitted within 12 hours
of symptom onset were considered for inclusion. MI was
defined by the guidelines of the joint Task Force of the
European Society of Cardiology (ESC), the American
College of Cardiology (ACC), the American Heart
Association (AHA), and the World Heart Federation
(WHF) [1,22]. MI was confirmed by detection of elevated
cardiac biomarkers (at least one value above the 99th per-
centile of the upper reference limit (URL)), together with
evidence of myocardial ischemia (i.e., new ST-T changes
or new left bundle branch block, or development of
pathological Q waves in the ECG).
Exclusion criteria were: previous cardiovascular or pul-
monary diseases, cardiogenic shock and contraindication
for MRI.
The study protocol was approved by the local ethics
committee (Comité de Protection des Personnes Est II,
University Hospital Besancon, France) and informed con-
sent was obtained from all enrolled patients.
Angiographic evaluation
All patients were referred to the catheterization labo-
ratory within the first 24 hours after admission for cor-
onary angiogram, and received medication according to
current guidelines [1].
The initial and post-procedural blood flow in the
infarct-related artery was graded according to the Throm-
bolysis in Myocardial Infarction (TIMI) grading system
[23]. A successful procedure was defined by a TIMI flow
grade = 3 and residual stenosis < 20%.
Magnetic resonance imaging
All CE-MRI studies were conducted at 3.0 field strength
(Signa HD, General Electric Healthcare, Milwaukee, WI,
USA) and performed in the acute phase and repeated
at 6 months. Left ventricular function was assessed by
ECG-gated cine steady-state free precession (SSFP) breath-
hold sequences in the two-chamber and four-chamber
views as well as in the short cardiac axis from base to apex
(30 phases per cardiac cycle; repetition time 3.5 ms, echo
time 1.2 ms, flip angle 45°, typical voxel size 1.92 × 1.25 ×
8.0 mm).
Contrast-enhancement imaging was performed at 3
and 15 min with a breath-hold ECG-gated T1-weighted
sequence after the injection of a bolus of gadolinium
(Dota-Gd; Guerbet, Roissy, France) at a single dose of
0.1 mmol/kg (TE =MinFull/field of view 440 mm/TI =
optimised to obtain an optimal myocardial nulling/mat-
rix 256 × 224, interpolated 256 × 256/slice thickness =
8 mm/gap = 1 mm). The number and position of slices
were the same as used for functional imaging.
Image analysis was performed in a blind fashion by
two operators using an off-line dedicated workstation
(General Electric Healthcare, Milwaukee, WI, USA). Left
ventricular (LV) ejection fraction (LVEF), end-diastolic
(LVEDVI) and end–systolic volume index (LVESVI) and
mass were calculated from SSFP short-axis views. MVO
was assessed on the initial CE-MRI performed during in-
hospital stay. Infarct size was assessed from the same ini-
tial CE-MRI and at 6 months follow-up. Infarct size and
MVO (if present) were manually traced from the contrast-
enhancement short-axis images [24]. Myocardial regions
was considered infarcted if the infarct size signal intensity
was >2 SDs above the remote myocardium. MVO was de-
fined as a dark zone within the infarcted segments, usually
located in the subendocardium. MVO and infarct size are
expressed as a percentage of LV mass assuming 1.05 g/ml
as the specific gravity of myocardium.
Enzyme measurement
Serum levels of troponin I (TnI), creatine kinase (CK)
and creatine kinase isoenzyme myocardial and brain
(CK-MB) were determined on admission, and 6, 12, 24,
and 48 hours after onset of MI. cTnI was measured
quantitatively using sandwich immunoassay (Dimension
RXL max, SIEMENS, Germany). The lower limit of de-
tection for this assay was 0.04 ng/ml. A value of cTnl
> 0.15 ng/ml was considered indicative of myocardial
necrosis for the purposes of clinical care. The peak level
was determined as the highest value.
Statistical analysis
Quantitative continuous variables are expressed as mean ±
standard deviation, and qualitative variables as number
and percent. The Student t test and Chi square or Fisher’s
exact tests were used for comparisons, as appropriate. We
calculated the relative change at 6 months from baseline in
LV end-diastolic volume index, LV end-systolic volume
index, and LV ejection fraction. The model used to take
initial infarct size into account was the calculation of rela-
tive change, normalized for baseline infarct size. The corre-
lations between serum enzyme levels and MVO at day 5
were assessed using the Spearman rank test. A receiver-
operating characteristic (ROC) curve was used to define
the threshold value of troponin levels predictive of MVO
at day 5. A p-value <0.05 was considered statistically sig-
nificant. All analyses were performed using SAS version
9.2 (SAS Institute, Cary, NC, USA).
Results
Patient characteristics
Between 2006 and 2008, 51 patients were enrolled in the
study. Mean age was 54 years; there were 9 women and
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42 men. Baseline and angiographic characteristics of the
study population are shown in Table 1. Eighteen patients
(35%) had anterior MI location. All patients underwent
coronary angiogram and angioplasty within the first 24
hours. Reperfusion therapy was initiated 5.3 ± 3.2 hours
after the onset of symptoms, by primary PCI in 37 pa-
tients (73%) and thrombolysis in 14 patients (27%). In
patients who underwent thrombolysis, rescue PCI was
performed in 6 patients (12%) and the remaining 8
underwent systematic PCI within the first 24 hours after
reperfusion.
Twenty-nine patients (57%) had MVO (MVOpos pa-
tients) diagnosed by MRI and 22 (43%) had no MVO
(MVOneg patients). MVOpos and MVOneg patients were
comparable as regards baseline characteristics.The per-
centage of patients with TIMI flow grade ≤2 before PCI
was significantly higher in the MVO pos group. After
PCI, the rate of TIMI flow grade 3 was comparable in
both groups (Figure 1).
During follow-up, there were 0 deaths, and 4 revascu-
larisations (1 for recurrent MI due to stent thrombosis
at 12 days and 3 on arteries other than the infarct-
related artery).
Magnetic resonance imaging
MRI was performed at 5.7 ± 2.7 days after symptom on-
set and at 6 ± 1 months follow-up. MRI was not per-
formed in 6 patients at 6 months due to patient refusal,
or intervention (PCI or CABG) during the follow-up
period.
At day 5, the extent of MVO was 7.3 ± 3.7%. Infarct
size was 23.5 ± 8.4% in MVOpos patients versus 12.7 ±
9.4% in MVOneg patients (p = 0.0001). There was a sig-
nificant correlation between the extent of MVO at day 5
and the infarct size at day 5 (r = 0.61, p < 0.0001). Simi-
larly, we observed a significant correlation between extent
of MVO and time to reperfusion (r = 0.43, p = 0.004).
At 6 months follow-up, a significant positive cor-
relation was observed among MVOpos patients between
MVO at day 5 and infarct size at 6 months (Figure 2). In
MVOpos patients, the relative change in LV end-diastolic
volume index (LVEDVI) and in LV end-systolic volume
Table 1 Baseline and angiographic characteristics
All patients Pts MVOneg Pts MVOpos P
N = 51 N = 22 (43%) N = 29 (57%)
Age - years 53.6 ± 9.9 56 ± 10 52.6 ± 9.4 0.27
Female (%) 9 (18) 4 (19) 5 (17.5) 0.93
Arterial hypertension (%) 18 (35) 7 (32) 11(38) 0.65
Diabetes mellitus (%) 11 (22) 5 (23) 6 (21) 0.86
Family history of CAD (%) 15 (29) 7 (32) 8 (27) 0.74
Current smoking 42 (82) 18 (82) 24 (83) 0.93
Hyperlipidemia (%) 21 (41) 9 (41) 12 (41) 0.97
Body mass index ≥30Kg/m2(%) 9 (18) 3 (14) 6 (20.6) 0.51
One vessel disease (%) 28 (55) 13 (59) 15 (52) 0.60
Multivessel disease (%) 16 (31) 7 (32) 9 (31) 0.95
Stenosis < 50% (%) 7 (14) 2 (9) 5 (17) 0.40
Anterior location (%) 18 (35) 9 (41) 9 (31) 0.46
Time from symptom onset to 1st reperfusion therapy – hours 5.3 ± 3.2 4.7 ± 2.9 5.9 ± 3.7 0.21
Fibrinolysis (%) 14 (27) 5 (23) 9 (31) 0.73
Primary PCI (%) 37 (73) 17 (77) 20 (69)
Rescue PCI (%) 6 (12) 2 (9) 4 (14) 0.94
Aspirin 51 (100) 22 (100) 29 (100) 1
Clopidogrel loading dose (300/600 mg) 34/17 14/8 20/9 0.69
GP IIb-IIIa inhibitors (%) 22 (43) 8 (36) 14(48) 0.39
TnI peak (ng/mL) (range) 81 ± 71 53.6 (13–225) 118.5 (22–585) 0.0006
CK peak, U/L (range) 1985 ± 1522 1825 (63–9580) 2663 (160–9930) 0.006
CK-MB peak, U/L (range) 124 ± 132 145.6 (9–940) 189.1 (9–760) 0.09
Pts MVOneg = patients without microvascular obstruction; Pts MVOpos = patients with microvascular obstruction; CAD = coronary artery disease; PCI = percutaneous
coronary intervention; TnI = troponin I; CK = creatine kinase; CK-MB = creatine kinase isoenzyme myocardial and brain.
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index (LVESVI) was significantly greater than in MVOneg
patients (p = 0.002 for LVEDVI, p = 0.004 for LVESVI)
(Figure 3). There was no significant difference in relative
change in LV ejection fraction (LVEF).
Enzyme measurement
Peak troponin and peak CK were significantly higher in
MVOpos patients (respectively p = 0.0006 and p = 0.006)
(Table 1).
There was no significant difference in terms of peak
troponin values between patients with TIMI flow grade
3 and those with TIMI flow ≤2 after revascularisation
(peak troponin 75 ± 58 vs 83 ± 65, TIMI 3 vs ≤2 respect-
ively, p = 0.65).
Correlation between the extent of MVO and troponin I
levels
The extent of MVO at day 5 was significantly correlated
with peak troponin (Figure 4) and troponin I levels at 6,
12, 24, 48 and 72 hours (Table 2). Infarct size was signifi-
cantly correlated with peak troponin (p < 0.0001) and the
different cTnI levels (p < 0.001), except cTnI at admission.
Relationship between the presence of MVO and troponin I
levels
Peak troponin and all cTnI levels except cTnI at admis-
sion were significant predictors of MVO (Table 3). The
Area under the curve (ROC) varied from 0.68 for tropo-
nin at 72 h to 0.766 for troponin at 12 h. Sensitivity
varied from 56% for troponin at 48 h to 74% for tropo-
nin at 6 h. Specificity ranged from 65% for troponin at
6 h and 72 h to 88% for troponin at 12 h, 48 h and the
AUC troponin. Using ROC curve analysis, a cTnI level
> 89 ng/ml at 12 hours was found to be the best cut-off
value to predict MVO with a sensitivity of 63% and a
specificity of 88% (p < 0.0002) (Figure 5).
Discussion
We aimed to find an accessible prognostic marker that
could identify patients with microvascular dysfunction
after reperfusion at the acute phase of myocardial infarc-
tion. Our data demonstrated that troponin levels (except
troponin at admission), and particularly peak troponin,
were correlated with the extent of MVO on MRI at day
5. A troponin I level > 89 ng/ml at 12 hours was found
to be the best cut-off value to predict MVO, with a sen-
sitivity of 63% and a specificity of 88%.
The phenomenon of no-reflow [25,26] or microvascu-
lar obstruction is due to microembolization of athero-
sclerotic debris or thrombotic material, intimal oedema,
tissue haemorrhage and/or leukocyte sticking [8,27], and
is diagnosed well by MRI [3,6,13,28]. In addition, besides
microvascular obstruction, intra-myocardial hemorrhage
and microvascular destruction have also been shown to
play an important role in this setting [29]. At the acute
phase of MI, the successful restoration of epicardial cor-
onary artery patency does not always lead to adequate
reperfusion at the microvascular level. In our study, al-
though 93 to 95% of the patients had a TIMI flow
grade =3 after PCI at 24 h, MVO was diagnosed by MRI
in 57% of cases at day 5. There was no significant dif-
ference in peak troponin between patients with TIMI
flow grade 3 and those with TIMI flow ≤2 after revascu-
larisation. Several studies have shown that microvascular
dysfunction after infarct-related artery revascularization
is associated with myocardial reperfusion injury, result-
ing in greater infarct size [2-10], left ventricular impair-
ment [3-5,7,11-17], recurrent MI [2-4,14], heart failure
[2-4,12,14] and higher mortality [2-5,12,14,18,19]. In
Figure 1 TIMI flow grade before and after percutaneous
coronary intervention. TIMI = thrombolysis in myocardial infarction;
PCI = percutaneous coronary intervention; MVOneg = patients without
microvascular obstruction; MVOpos = patients with
microvascular obstruction.
Figure 2 Relationship between MVO at Day 5 and infarct size
at 6 months. MVO =microvascular obstruction; MVOpos = patients
with microvascular obstruction.
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patients with MVO, mortality has been reported to in-
crease by 75% at 1 month [18], 67% at 1 year [5] and
50% at 5 years [19]. In our study, MVO at day 5 was as-
sociated with LV remodelling at 6 months, as reflected
by significantly increased left ventricular volumes as-
sessed on MRI. These results are comparable to those of
Orn et al. [7] at 1 year, and those of Nijveldt et al. [13]
at 4 months, using the MRI technique.
This is strong evidence that both serial and single-
point measurements of troponin correlate well with in-
farct size [8,9,20]. In routine practice, plasma levels of
troponin I are used by the clinician to estimate the ex-
tent of necrosis. In our study, infarct size was signifi-
cantly correlated with peak troponin and with the serial
troponin I levels, except for troponin values at admis-
sion. To date, only 3 studies have investigated the rela-
tionship between MVO as assessed by MRI and serial
troponin measurements, and the optimal timing for a
single measurement. Our results confirm those of the
literature. In the study of Neizel et al. [8], 61 patients
with STEMI <24 h reperfused by fibrinolysis or PCI, un-
derwent MRI within 4 ± 1 days and serial troponin T
measurements at admission and after 24, 48, 72 and 96
hours. They found that a troponin T level > 2.52 μg/l at
24 h was a predictor for MVO with a sensitivity of 100%
and a specificity of 80%. In this study, Neizel et al. used
troponin T levels, and no troponin measurements were
performed between admission and 24 h. Furthermore,
MVO was evaluated on earlier delayed-enhancement im-
aging after contrast injection. Younger and al [9] en-
rolled 93 patients who underwent MRI on average 3.7 ±
1.4 days after medical treatment for acute ST elevation
or non-ST elevation myocardial infarction. Serum tropo-
nin I concentrations were sampled at 12 h and 72 h only
after admission. They found a close relationship between
a single measurement of troponin I at 72 h and the ex-
tent of MVO. The early and complete reperfusion of the
infarct-related artery accelerates the appearance of car-
diac enzymes in the first hours after reperfusion therapy.
This wash-out phenomenon is characterized by a steeper
rise and an earlier peak after successful restoration of
anterograde coronary blood flow. These changes are more
pronounced after mechanical reperfusion, which was used
in our study, than after thrombolytic therapy [8]. There-
fore, the almost exclusive reliance on thrombolytic therapy
Figure 3 Relative change at 6 months from baseline in left ventricular end-diastolic volume index (LVEDVI) and left ventricular end-
systolic volume index (LVESVI) normalized for baseline infarct size. MVOneg = patients without microvascular obstruction; MVOpos = patients
with microvascular obstruction.
Figure 4 Relationship between MVO and Peak troponin.
MVO =microvascular obstruction.
Table 2 Correlation between the extent of MVO and
troponin I levels
MVO (N = 29)
r p
Troponin peak 0.51 0.01
AUC troponin 0.58 0.01
Troponin on admission 0.11 0.59
Troponin at 6H 0.57 0.01
Troponin at 12H 0.67 <0.0001
Troponin at 24H 0.46 0.02
Troponin at 48H 0.57 0.01
Troponin at 72H 0.42 0.04
MVO =microvascular obstruction; AUC = area under the curve; H = hours.
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in the study of Younger and al [9] may explain the more
delayed troponin release observed. In study by Mayr and
al [10], MRI was performed in 118 patients within 8 days
after successful interventional reperfusion of STEMI. Car-
diac troponin T concentrations were measured at least 3
times during the first 24 h after admission, and subse-
quently on days 1, 2, 3 and 4. These authors demonstrated
that a peak troponin > 4.7 μg/l was predictive of MVO
with a sensitivity of 78% and a specificity of 83%.
One of the advantages of the present study is the large
number of repeat troponin measures, at relatively short
time intervals, which allowed more accurate determin-
ation of a threshold value that could predict MVO at the
acute phase of infarction.
It has previously been shown that a longer duration of
ischemia is associated with more pronounced impair-
ment of myocardial perfusion and consequently, infarct
size [30]. In our study, we observed a correlation be-
tween the extent of MVO and the time to reperfusion.
Thus, the relation between troponin and the presence of
MVO should be interpreted taking into account the time
to reperfusion, since restoration of TIMI flow grade 3 by
angioplasty does not necessarily guarantee the normaliza-
tion of myocardial perfusion [31].
Newton et al. previously studied MVO on MRI in the
context of non-ST elevation MI, and observed that MVO
was correlated with infarct size and troponin levels. Thus,
it would appear that the results observed in the context of
STEMI are also applicable in NSTEMI [32].
Study limitations
This is a single-center study, with a relatively small
population of highly selected patients. Nonetheless, the
selection of the population made it possible to independ-
ently analyse MVO as evaluated by MRI in the absence
of other cardiovascular comorbidities. Secondly, we did
not evaluate blush grade, which corresponds to the an-
giographic evaluation of microcirculation after revascu-
larisation. Our study focused on MVO at 5 days, which
is a different phenomenon, and shown to be an inde-
pendent prognostic factor in acute MI. These results
merit further confirmation in a larger, prospective study.
Thirdly, reperfusion strategy (primary PCI or thromboly-
sis) may possibly influence the occurrence of MVO. In
particular, it has been shown that rescue PCI is associ-
ated with an increased thrombotic risk in this setting.
However, in our study, only 6 (12%) patients underwent
rescue PCI. This likely did not impact on the relation
observed between MVO and peak troponin, as there was
no significant difference between groups (Table 1).
Fourthly, MRI could not be performed in 6 patients
(11.7%) at 6 months. However, this does not impact
the interpretation of the primary endpoint evaluated
at 5 days.
Conclusion
Our results suggest a correlation between plasma levels
of cardiac troponin I at the acute phase of AMI, and the
extent of MVO as assessed by 3-T cardiac magnetic reson-
ance imaging. The extent of MVO at 5 days post-STEMI
is correlated with infarct size, and negatively impacts on
Table 3 Cut-off value of cTnI predictive of MVO
Cut-off value (ng/ml) Se (%) Sp (%) AUC ROC p
Troponin at H6 44.6 74 65 0.729 0.0025
Troponin at H12 89 63 88 0.766 0.0002
Troponin at H24 27.4 65 81 0.703 0.0116
Troponin at H48 16.35 56 88 0.724 0.0041
Troponin at H72 7.9 71 65 0.68 0.0308
Peak troponin 79.9 63 82 0.761 0.0003
AUC Troponin 275.3 59 88 0.726 0.0057
Se = sensitivity; Sp = specificity; AUC = area under the curve; ROC = receiver operating characteristic; H = hours.
Figure 5 Cut-off value of cTnI predictive of MVO. ROC curves
established for: AUC troponin (AUC ROC 0.726, 95% CI 0.56-0.86). Peak
troponin (AUCROC 0.757, 95% CI 0.59-0.88). Troponin at 12 hours
(AUCROC 0.763, 95% CI 0.6-0.88) cTnI = cardiac troponin I; MVO =
microvascular obstruction; ROC = receiver operating characteristic;
AUC = area under the curve.
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LV remodeling at 6 months. A cut-off value of 89 ng/mL
for cTnI at 12 hours seems to best predict the presence of
early MVO with high sensitivity and specificity. Troponin
measurement is an easily accessible prognostic marker
that could help identify patients with MVO and unfavor-
able prognosis.
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Comparison of Right Ventricular Systolic Function in
Patients with Low Risk and Intermediate-to-High Risk
Pulmonary Embolism: A Two-Dimensional Strain
Imaging Study
Vincent Descotes-Genon, M.D., Romain Chopard, M.D., Mathilde Morel, M.D., Nicolas Meneveau,
M.D., Ph.D., Francois Schiele, M.D., Ph.D. and Yvette Bernard, M.D.
Department of Cardiology, University Hospital Jean Minjoz, University of Franche-Comte, Besançon, France
Aim: Right ventricular (RV) dysfunction is key for risk stratiﬁcation in pulmonary embolism (PE). The goal of this
study was to compare RV strain values between low and intermediate-to-high risk PE patients assessed by
two-dimensional (2D) strain imaging. Methods: The inclusion criterion was a diagnosis of PE conﬁrmed by
thoracic computed tomography scan with contrast medium, or by scintigraphy perfusion lung scan. Risk
stratiﬁcation of PE was deﬁned as high when there was hemodynamic instability; intermediate when there
were signs of RV dysfunction on echocardiography; and/or elevated troponin I and/or brain natriuretic peptide
and low when none of these criteria were present. All patients underwent echocardiography at admission.
Apical four-chamber images were analyzed off line using both conventional and 2D strain imaging. Results:
Sixty-two patients (mean age 66 years) were prospectively recruited: 33 with low risk PE, 29 with intermedi-
ate-to-high risk PE. Global 2D RV strain differed signiﬁcantly between groups (!13.1% vs.!18.7%, P < 0.01),
as did free wall (!12.7% vs. !20.2%, P < 0.016) and septal wall (!13.5% vs. !17.2%, P < 0.01). When the
RV was divided into segments, we observed a similar reduction in absolute strain value in the mid and apical
free wall segments and in the apical septal wall (!20.3 ± !7.6 vs. !11.8 ± 8.9%; P < 0.01 and !19.6 ± 6.9
vs. !7.4 ± 9.1%; P < 0.01, and !17.7 ± 7.0 vs. 9.9 ± 8.0; P < 0.01, respectively). 2D strain and tricuspid
annular plane systolic excursion were signiﬁcantly related (r2 = 0.35, P < 0.01). Conclusions: Peak RV longitu-
dinal 2D strain is reduced in patients with intermediate-to-high risk PE, especially in the apical and mid
segments of the free wall. Global and regional RV longitudinal 2D strain is altered in patients with intermedi-
ate-to-high risk PE as compared with low risk PE. (Echocardiography 2013;30:301-308)
Key words: pulmonary embolism, right ventricular strain, risk stratiﬁcation
Pulmonary embolism (PE) is a frequent cardio-
vascular pathology and its severity is related to
the extent of vascular obstruction and the pres-
ence or absence of right ventricular (RV) dysfunc-
tion. The evaluation of RV dysfunction is
therefore an essential step in risk stratiﬁcation in
the setting of PE, as underlined in the European
Society of Cardiology guidelines for the manage-
ment and treatment of PE.1
Echocardiography is a simple and widely avail-
able imaging technique that can be used at the
bedside round the clock, and which is suitable for
evaluating RV dysfunction. Echocardiographic
anomalies that should raise suspicion of PE
include RV dilatation, tricuspid regurgitation jet
velocity >2.5 m/sec, and paradoxical septal
motion. More speciﬁc signs have been described,
such as the “McConnell sign,” deﬁned by an
akinesia of the mid–free wall RV but normal
motion at the apex) and the “60/60” sign.2,3
Evaluation of the degree of deformation of
the ventricular walls by tissue Doppler imaging
(TDI), which measures TDI strain, is another
method of exploring RV function.4 In the context
of PE, the peak ventricular deformation is
decreased for the middle part of the ventricle
wall, whereas it remains normal for the basal and
apical segments.5,6 RV deformation is also related
to the extent of vascular obstruction as estimated
by perfusion scan.7 However, TDI is dependent
upon the angle of insonation which can limit
spatial resolution.8
Conversely, the more recent speckle tracking
technique is angle independent and enables
easier assessment of both regional and global
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systolic strain from two-dimensional (2D) strain
imaging.9 There is currently only very few data
available evaluating 2D strain measures in the RV
in the context of PE.10–12
The aim of our study was to compare RV 2D
strain imaging parameters in patients with PE
according to the level of risk (low vs. intermedi-
ate-to-high risk).
Methods:
Study Population:
We performed a single-center, prospective study
from June 2011 to January 2012. All patients
admitted in the Cardiac Intensive Care Unit for
symptomatic PE were included after written
informed consent was obtained, regardless of
their age, sex, or comorbidities. The inclusion
criterion was a diagnosis of PE conﬁrmed by
thoracic computed tomography scan with
contrast medium, or by scintigraphy perfusion
lung scan.
Risk stratiﬁcation was according to the guide-
lines of the European Society of Cardiology.1 Risk
was deﬁned as high when there was hemody-
namic instability (i.e., systolic blood pressure
<90 mmHg, or a pressure drop of !40 mmHg
for more than 15 minutes); intermediate when
there were signs of RV dysfunction on echocardi-
ography (i.e., presence of at least 2 of the follow-
ing: RV/left ventricular (LV) ratio >1; paradoxical
septal motion; tricuspid insufﬁciency velocity
>3 m/sec) and/or elevated troponin I and/or
brain natriuretic peptide (BNP); and low when
none of these criteria were present. We divided
patients into 2 groups according to the presence
or absence of RV dysfunction, that is, intermedi-
ate and high-risk patients together, versus
low-risk patients.
Patients were treated according to current
guidelines.1 All of them received initial anticoagu-
lant therapy with intravenous unfractionated
heparin or subcutaneous low-molecular-weights
heparins. For patients with high risk PE, addi-
tional thrombolysis was performed. For interme-
diate risk PE, thrombolysis was performed in
patients who experienced a deterioration of their
hemodynamic status, and was left at the discre-
tion of the physician on duty.
Echocardiographic Analysis:
Conventional echocardiography was performed
at the bedside at the time of diagnosis using a
portable echo device (Vivid I; General Electric,
Milwaukee, WI, USA), using a 3 MHz. transducer.
Echocardiography was performed with patients
lying down on their left side. Echographic param-
eters used to establish the diagnosis of RV
dysfunction were measured as previously
described:13 end-diastolic RV diameter in the
apical four-chamber view and the parasternal long
axis; end-diastolic and end-systolic RV area; tricuspid
regurgitation jet velocity in meters per second
(m/sec) in the apical four-chamber or parasternal
short-axis view; paradoxical septal motion in the
parasternal short axis; RV/LV ratio calculated with
end-diastolic diameters in the apical four-cham-
ber view. Tricuspid Annular Plane Systolic Excur-
sion (TAPSE) was measured (M-mode recording
through the apex of the RV and the junction
between the RV free wall and the tricuspid annu-
lus), as well as maximum systolic velocity of the
tricuspid annulus by TDI, end-systolic and end-
diastolic RV area, fractional area change (deﬁned
as [end-diastolic RV area " end-systolic RV area]/
end-diastolic RV area 9 100). Pulmonary artery
systolic pressure was determined by added right
atrial pressure to the gradient between RV and
right atrium assessed on the basis of inferior vena
cava and inspiratory collapse.
For 2D strain imaging acquisition, the RV was
visualized in the four-chamber apical view, at a
frame rate of almost 80 frames/sec. Images from
3 cardiac cycles were recorded and were
subsequently analyzed ofﬂine by 2 independent
operators (VDG, MM) using dedicated software
(Echopac station version 6.1.0; Vingmed ultra-
sound, General Electric).
Myocardial 2D strain deformation was
assessed with the following procedure: The RV
was divided into 2 walls, the septal wall and the
free wall, with each wall subsequently divided
into 3 segments (basal, mid, and apical). Longi-
tudinal 2D strain was measured for each of the 6
segments, for the 2 walls, and globally for the
whole RV, in all patients. For each segment, we
recorded the average of the measurements from
the 2 observers. Each observer was blinded to
the other observer’s results and to actual patient
risk status. Overall, RV longitudinal strain was
calculated as the average of the 6 segments
(average of the 3 segments from each of the free
and septal walls).
Left ventricular ejection fraction was evaluated
from apical four- and two-chamber views by
using biplane Simpson’s method.
Statistical Analysis:
Quantitative data are presented as mean ± stan-
dard deviation (SD) and qualitative data as num-
ber and percentage. Comparisons between
groups were performed using the Student’s
t-test, the chi-square test, and Fisher’s exact test
as appropriate. Interobserver reproducibility was
assessed using the Bland-Altman method, plot-
ting the average of the measures from both
observers against the difference between
measures from both observers for each of the 6
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segments in all patients.14 Linear regression
curves were established to compare the 2D strain
values with conventional echocardiographic
measures of RV dysfunction (RV/LV ratio, TAPSE,
tricuspid insufﬁciency maximal velocity, fractional
area change, maximum systolic velocity of the
tricuspid annulus by tissue Doppler). All analyses
were performed using the SAS system, version
9.2 (SAS Institute Inc., Cary, NC, USA). A P-value
of <0.05 was considered statistically signiﬁcant.
Results:
During the enrollment period, 71 patients were
hospitalized in our department for PE. Among
the 71 patients, all patients underwent echocar-
diography, but the exam was recorded and avail-
able for analysis in 62 patients (26 female, 42%).
Average age was 66 ± 19 years (range 19–89).
Diagnosis of PE were done by CT pulmonary
angiography (n = 42, 67%) and ventilation
perfusion isotope scans (n = 20, 33%). Thirty-three
patients (53%) were considered to have low-risk PE,
and 26 (47%) had intermediate-to-high risk PE. The
baseline characteristics of the study population are
presented in Table I.
During the in-hospital phase, we observed no
deaths or recurrent PE. At 3 months, all-cause
mortality was similar between groups (3.4%, in
the low risk PE group vs. 6.0%, in the intermedi-
ate-to-high risk PE group, P = NS). Bleeding com-
plications occured only in the intermediate-to-
high risk group (n = 5, 15.1%).
The echocardiographic characteristics of the
study population are shown in Table II. By deﬁni-
tion, in the intermediate-to-high risk group, there
was dilatation of the right cavities (right to left
ventricle ratio of 1.1 ± 0.3), associated with the
presence of paradoxical septal motion. Average
systolic pulmonary artery pressure was
52 ± 14 mmHg. Furthermore, we observed a
signiﬁcant decrease in the other criteria of RV
dysfunction (namely TAPSE, RV fractional area
change, S-wave velocity at the tricuspid annulus)
in the intermediate-to-high risk group as com-
pared with the low risk group. No signiﬁcant cor-
relation was observed between conventional
echocardiographic parameters and troponin or
BNP.
TABLE I
Baseline Characteristics of the Study Population
Low Risk
(n = 33)
Intermediate-
to-high Risk
(n = 29) P-value
Males/females 17/16 13/16 0.087
Age (years) 63 ± 21 69 ± 16 0.270
History of VTE 5 (15%) 3 (10%) 0.830
COPD 1 (3%) 1 (3%) 0.080
Cancer 6 (18%) 4 (14%) 0.490
Diabetes 5 (15%) 2 (7%) 0.290
Obesity 5 (15%) 1 (3%) 0.060
Heart rate (beats/min) 84 ± 16 102 ± 19 <0.01
Syncope (n) 0 8 (27%) <0.01
ECG modiﬁcations 3 (9%) 16 (48%) <0.01
Systolic blood
pressure (mmHg)
141 ± 19 128 ± 26 0.062
Diastolic blood
pressure (mmHg)
81 ± 15 76 ± 15 0.242
Troponin I (lg/L) <0.15 0.87 ± 1.31 <0.01
Troponin positive 0 18 (62%) <0.01
BNP (pg/mL) 64 ± 62 467 ± 537 <0.01
Initial anticoagulant
Unfractionated
heparin
15 (45%) 16 (55%) 0.850
LMWH 18 (54%) 13 (44%) 0.245
Thrombolytic therapy 0 (0%) 10 (34%) <0.01
VTE = venous thromboembolism; COPD = chronic obstruc-
tive pulmonary disease; Bpm = beats/minute; BNP = brain
natriuretic peptide; LMWH = low-molecular-weight heparins.
ECG modiﬁcations deﬁned as right bundle branch block,
S1Q3 aspect, negative anterior T-waves.
TABLE II
Echocardiographic Characteristics of the Study Population at
Baseline
Low Risk
(n = 29)
Intermediate-
to-high Risk
(n = 26) P-value
LV end-diastolic
diameter (mm)
47 ± 7.7 41 ± 8.3 0.018
LV end-systolic
diameter (mm)
28 ± 6 27 ± 6 0.32
Ejection fraction (%) 69 ± 10 63 ± 13 0.11
LV end-diastolic
volume (mL)
105 ± 38 80 ± 35.5 0.018
LV end-systolic
volume (mL)
33 ± 16 28 ± 16 0.32
RV/LV ratio 0.65 ± 0.15 1.1 ± 0.3 <0.01
Paradoxical
septal motion (n)
1 20 <0.01
Tricuspid insufﬁciency
peak velocity
(m/sec)
2.6 ± 0.7 3.3 ± 0.5 <0.01
Systolic PAP (mmHg) 34 ± 11 52 ± 14 <0.01
TAPSE (mm) 18.5 ± 5.2 15.1 ± 4.1 0.01
Fractional
area change (%)
46 ± 14 29 ± 13 <0.01
RV end-diastolic
area (cm2)
17.5 ± 1.8 22.4 ± 6.8 <0.01
RV end-systolic
area (cm2)
9.2 ± 3.3 15.8 ± 5.4 <0.01
Peak S at tricuspid
annulus (cm/sec)
10.1 ± 2.9 8.1 ± 1.9 <0.01
LV = left ventricular; RV = right ventricular; PAP = pulmonary
arterial pressure; TAPSE = tricuspid annular plane systolic
excursion.
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Interobserver variability for assessment of 2D
strain parameters was evaluated using the Bland-
Altman test (Fig. 1). The average interobserver
difference in 2D strain measures was
!0.23 ± 5.84 (2 SD = 11.45; range !22, +31).
By 2D strain, overall peak systolic longitudinal
strain was !16.0 ± 5.6% for the RV in the whole
population; !16.7 ± 6.7% for the free wall and
!15.4 ± 5.7% for the septal wall. An example of
2D strain measurement in a patient with interme-
diate risk PE is shown in Figure 2. We observed a
signiﬁcant difference in 2D strain values between
the 2 risk groups, with a signiﬁcantly lower abso-
lute value in the intermediate-to-high risk group
as compared with low risk PE group
(!13.1 ± 4.8% vs. !18.7 ± 4.9%, P < 0.01).
This difference was also observed in the 2D strain
values obtained in the RV free wall (!1.7 ± 4.8%
vs. !20.2 ± 6.2%, P < 0.01) and in the septal
wall !13.5 ± 6.0 vs. !17.2 ± 4.7%, P < 0.01).
When the RV was divided into segments, we
observed a similar reduction in absolute strain
value in the mid and apical free wall segments
and in the apical septal wall (Table III).
Peak systolic strain was signiﬁcantly correlated
with TAPSE (r2 = 0.35, P < 0.01). It was also sig-
niﬁcantly correlated with RV/LV ratio, maximal
tricuspid regurgitation velocity, peak S-wave
velocity at the tricuspid annulus and fractional
area change, albeit with lower correlation coefﬁ-
cients (Fig. 3). No signiﬁcant correlation was
observed between peak systolic strain and tropo-
nin or BNP and levels of correlation were close
with those observed with conventional measure-
ments.
Discussion:
Our results show a reduction in RV longitudinal
strain in the presence of intermediate-to-high risk
PE, as compared with low-risk PE patients. The
reduction was observed over the entire RV, in
both the septal and free walls.
To our knowledge, the RV systolic function in
PE remains poorly described with the use of 2D
strain imaging and reduction of RV strain values
in intermediate-to-high risk PE were not previ-
ously reported. Previous studies reported a reduc-
tion of the regional RV longitudinal strain values
in the context of PE as compared with healthy
subjects.10,15 Furthermore, Stergiopoulos et al.11
reported that 2D strain RV parameters were
signiﬁcantly correlated with in-hospital mortality
in 53 patients.
Before the advent of 2D strain imaging,
several studies of strain were performed using
TDI.6,7 Peak strain measured by this method
appears to be slightly lower than in our study, at
a similar level of PE severity. In the study by Park
et al.,6 which included patients with intermediate
severity criteria, strain was evaluated at !5% in
the midventricle, !10% for the apex and !17%
for the base. Similarly, Kjaergaard et al.7 evalu-
ated peak systolic strain at !1% and !7% in the
mid part of the RV free wall, when perfusion
defects were, respectively, 25–49% or >50.
In our study, the differences between groups
were not observed for all segments of the free
wall. Indeed, We observed that peak strain value
at the basal segment was similar in both groups
These results are in line with those reported by
Kjaergaard et al.,7 who also failed to observe any
variation in strain at the level of the basal
segment of the free wall, contrary to the mid.
This ﬁnding is coherent with the McConnell sign,
which emphasized the existence of hypokinesia
in the mid part of the RV free wall.3 Furthermore,
Sugiura et al.10 observed that when RV dysfunc-
tion persisted despite appropriate therapy, peak
systolic strain was signiﬁcantly lower in the apical
and mid segments of the RV free wall, compared
with healthy volunteers, whereas there was no
signiﬁcant difference was observed in the basal
segment of the free wall.
One of the possible explanations for this is to
be found in the anatomy. Indeed, in the apical
four-chamber view, the apical segment is part of
the RV outﬂow tract, and the basal segment is
part of the inﬂow tract. The inﬂow tract is mainly
composed of circumferentially oriented subepi-
cardial ﬁbers contrary to the outﬂow tract, where
layers of ﬁbers are rather longitudinally ori-
ented.16–18 In this context, a previous study
reported a reduction in RV outﬂow tract frac-
tional shortening in patients with pulmonary
hypertension, whereas TAPSE, which measures
longitudinal function of the inﬂow tract, did not
vary signiﬁcantly.19 We thus considered the peak
systolic values obtained for the mid and apical
segments of the free wall could be most relevant.
Figure 1. Bland-Altman test of 2-dimensional longitudinal
strain measures.
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One of the major difﬁculties is the lack of gold
standard for “normal” RV longitudinal strain
values, by 2D strain. Two studies have reported
assessment of RV function in healthy subjects
using 2D strain. The ﬁrst reported a 2D strain
value of !24.8% for the whole free wall, and
showed good correlation with values obtained
by TDI.20 The second study, also in healthy sub-
jects, reported RV longitudinal 2D strain of
!25.5%, !28.6% and !31.5%, respectively, in
the basal, mid, and apical segments.21 A recent
study by Meris et al.22 proposed a cutoff value of
–19% to distinguish normal and impaired RV
function. This study also underlined the differ-
ence in longitudinal strain between the RV free
wall and the septum, as we also observed in our
study.
In our study, peak systolic strain of the RV free
wall was on average !20% in the group without
signs of RV dysfunction, that is, lower than what
is reported in the literature. This raises the ques-
tion of the sensitivity of this criterion. Unlike the
control groups in the works cited above, our
study did not include a group of healthy controls,
but rather 2 groups with PE of varying degrees of
risk. We can thus suppose that, while these
subjects may not have had any signs of RV dys-
function according to the classic criteria (i.e., RV
dilatation, paradoxical septal motion, tricuspid
regurgitation velocity), there likely existed some
level of dysfunction that could only be detected
early by 2D strain analysis.
We observed a moderate, albeit signiﬁcant
correlation between peak longitudinal 2D strain
of the RV free wall, in particular the mid segment,
and TAPSE. These 2 measures are indeed quite
close to each other, as they both assess longitudi-
nal deformation. Similarly, we also observed
signiﬁcant, albeit slightly weaker correlations
between peak 2D strain and the other echo-
graphic criteria of RV dysfunction, underlining
how difﬁcult it is in practice to quantify this
dysfunction, since so-called “classic” criteria of
RV dysfunction may not always be sensitive
enough to detect a low level of RV dysfunction.
TABLE III
Peak Longitudinal Two-dimensional (2D) Strain Measures in
the Study Population
2D Strain (%)
Low Risk
(n = 29)
Intermediate-
to-high Risk (n = 26) P-value
Right
ventricle*
!18.7 ± 4.9 !13.1 ± 4.8 <0.01
Free wall† !20.2 ± 6.2 !12.7 ± 4.8 <0.01
Basal !20.8 ± 8.1 !18.9 ± 8.9 0.41
Mid !20.3 ± 7.6 !11.8 ± 5.6 <0.01
Apical !19.6 ± 6.9 !7.4 ± 9.1 <0.01
Septal wall† !17.2 ± 4.7 !13.5 ± 6 <0.01
Basal !16.1 ± 5.6 !15.5 ± 6.6 0.74
Mid !17.7 ± 4.5 !15 ± 6.6 0.07
Apical !17.7 ± 7 !9.9 ± 8 <0.01
*Average of 6 segments.
†Average of 3 segments.
Figure 2. Example of two-dimensional longitudinal right ventricular strain in a patient with intermediate-risk pulmonary embo-
lism. Global strain was evaluated at !13%, and varied between !10% and !16% for the 6 predeﬁned segments.
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For example, for a RV/LV ratio between 0.6 and
1.0, 2D strain varied between !5% and !35% in
our study, representing considerably different
proﬁles of RV function.
We also observed an average pulmonary
artery systolic pressure of 52 mmHg in the group
at intermediate-to-high risk, which is in the
higher end of the expected range in this popula-
tion, who had no RV dysfunction. In a population
such as this, a pulmonary artery pressure in the
range of 36 mmHg would have been
expected.23 However, this can be explained by
the fact that we included all-comers in this study,
and among the 26 patients in the intermediate-
to-high risk group, 23% had had previous
thrombo-embolic disease, and 1 additional
patient (4%) who had chronic obstructive
pulmonary disease. These patients were likely to
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have had preexisting pulmonary arterial hyper-
tension, which may have been exacerbated by
the acute PE.
Detecting RV dysfunction is an important
element of the initial workup of PE. The presence
of RV dysfunction is a prognostic factor for short-
term mortality.24–26 In a recent meta-analysis,
the relative risk of death was multiplied by 2.5 in
the presence of echocardiographic signs of RV
dysfunction.27 Similarly, according to the Euro-
pean Society of Cardiology (ESC) guidelines,
mortality is <3% in low-risk patients, but can be
up to 15% in the presence of RV dysfunction.1
We did not observe any such difference in our
study, where clinical evolution during the in-
hospital phase and at 3 months was similar in
both groups. However, 2 criticisms can be made
of classic echocardiographic criteria of RV dys-
function. Firstly, they have a low sensitivity, rang-
ing between 55% and 70%, and secondly,
speciﬁcity plummets from 90% to 21% when the
patient has a history of cardiopulmonary disease.
Therefore, it is likely that more sensitive echo-
cardiographic measures such as 2D strain could
be of particular use in evaluating risk in this
setting.
Conclusion:
Peak RV longitudinal 2D strain is reduced in
patients with intermediate-to-high risk PE, espe-
cially in the apical and mid segments of the free
wall. This measure could be used to quantify RV
dysfunction, particularly when so-called “classic”
criteria are not sufﬁcient to conﬁrm or rule out
the diagnosis. Further studies are warranted to
identify a threshold value that would deﬁne RV
dysfunction and to assess the prognostic value of
this measure.
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Pour ce travail de thèse, nous avons réalisé cinq études originales en utilisant trois 
technologies d’imagerie cardiovasculaire non-invasive.  
 
-Nous avons démontré, à partir d’une étude ex-vivo sur des artères coronaires humaines, que 
le scanner 64 détecteurs ne permettait pas de caractériser précisément les différents 
composants des plaques. La distinction des plaques fibreuses et des plaques lipidiques est en 
effet impossible. Par ailleurs, notre travail a montré que l’IVUS ne devait pas servir 
d’imagerie de référence lors des études sur la plaque car cet examen présente lui aussi de 
nombreuses  imprécisions.  
 
-Notre travail sur la thrombo-aspiration rapporte un effet très significatif de l’extraction 
effective de thrombus lors des thrombo-aspirations à la phase aiguë des STEMI, avec une 
réduction de la taille du no-reflow et de l’infarctus, évaluées en IRM ; une thrombo-aspiration 
positive représentant par ailleurs dans notre travail, un critère indépendamment lié à la taille 
finale de l’infarctus. L’extraction effective de thrombus pourrait être considérée, en salle de 
cathétérisme, comme un critère de jugement de l’efficacité de la thrombo-aspiration. 
 
-Notre étude sur les syndromes coronaires à coronaires angiographiquement normales a 
confirmé l’intérêt de l’IRM dans le bilan étiologique de cette présentation clinique, permettant 
un diagnostic étiologique dans 2/3 des cas. Par ailleurs, ),.4! 78,)4! ,?43+8=! .)3! 3U/3993)*3!
=8,9.*0,)!G,.+! 93! *03+4!-34!G7*03)*4!/:3X!H.0! 9J&@<!)3!-=/T93!G74!-J7),>7903!>W,/7+-0H.3'!L34!
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